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V  ABSTRACT 

1/ 

This  document  describes  progress  toward  development  of  a  general 
capability  for  high  resolution  microwave  surveillance  and  imaging  using 
large,  sparse,  self-cohering  arrays.  During  the  last  five  years  progress 
has  been  made  in  the  following  areas:  understanding  of  the  unique  advan¬ 
tages  of  large,  self-cohering  arrays;  development  of  advanced  system  con¬ 
cepts,  including  the  air-borne  radio  camera;  enhanced  self-cohering  cap¬ 
ability  and  experimental  demonstration  of  that  capability;  and  develop¬ 
ment  of  techniques  for  improving  microwave  image  quality,  including 
handling  of  the  high  sidelobes  associated  with  very  sparse  arrays.  A 
number  of  other  practical  issues  associated  with  large  self-cohering 
arrays  have  also  been  examined. 
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RESEARCH  OBJECTIVES 

The  long-term  objective  of  this  research  program  was  the  development 
of  a  general  capability  for  high  resolution  microwave  surveillance  and 
imaging.  Fundamental  to  such  a  general  capability  is  the  ability  to 
cohere  large,  poorly  surveyed,  possible  flexing  microwave  arrays.  Some 
form  of  adaptivity,  referred  to  in  this  document  as  self-cohering,  is 
required  in  order  to  form  high  quality  beams  with  such  arrays. 

The  specific  objectives  of  the  program  were: 

1.  To  expand  understanding  of  self-cohering  arrays  in  a  broad 
range  of  applications. 

2.  To  understand  the  effects  of  multipath  and  other  propagation 
phenomena  on  the  operation  of  large,  self-cohering  arrays;  to  devise 
system  concepts  for  minimizing  the  degrading  effects  of  such  propagation 
irregularities. 

3.  To  understand  the  effects  of  jamming  and  other  interference 
phenomena  on  the  operation  of  large,  self-cohering  arrays;  to  devise 
system  concepts  for  minimizing  the  degrading  effect  of  these  interference 
phenomena. 

A.  To  devise  spatial  and  temporal  signal  processing  techniques 
which  optimize  the  beam  characteristics  of  large,  self-cohering  arrays 
in  the  presence  of  noise,  interference,  multipath,  and  other  degrading 
phenomena. 

5.  To  design  and  perform  experiments  to  test  the  models,  system 
concepts,  and  theories  developed  in  1  through  A. 

SUMMARY  OF  THE  RESEARCH  EFFORT 

Prior  to  the  initiation  of  AFOSR  support,  two  techniques  for  self- 
cohering  were  developed  which  use  information  external  to  the  array  (beacon 
signals  or  target  reflections)  to  aid  in  beamforming.  Both  of  these  self- 
cohering  concepts  had  been  verified  experimentally  (at  L-band)  at  our 
Valley  Forge  Research  Center  test  range.  We  refer  to  these  two  techniques 
as  (1)  adaptive  beamforming  and  scanning  (suitable  for  narrow-angle 
"telephoto"  imaging)  and  (2)  self-survey  (suitable  for  wide  angle  surveill¬ 
ance  and  imaging) . 


During  the  five  years  of  support  by  AFOSR,  program  effort  was 
focused  on  enhancing  self-cohering  capability,  development  of  spread 
spectrum  and  nulling  techniques  for  reducing  the  effects  of  interference 
on  self-cohering  of  real  and  synthetic  apertures,  mode] ling  the  effects 
of  multipath  on  self-cohered  beams  and  experimental  verification  of 
these  models,  on  the  development  of  advanced  system  concepts  (ground- 
based,  airborne,  and  space-based  radio  cameras  and  forward-looking  synthetic 
aperture  radar),  on  refinement  of  our  self-cohering  techniques  compatible 
with  those  system  concepts,  on  hardware  testing  of  self-cohering  techniques 
and  experimental  imaging,  and  on  the  development  of  methods  for  enhancing 
the  quality  of  microwave  images  obtained  through  large,  sparse  arrays. 

The  results  are  summarized  below.  Many  of  the  significant  results  are  de¬ 
scribed  in  some  detail  in  the  Appendices. 

ADVANTAGES  OF  LARGE  SELF-COHERING  ARRAYS 

During  the  period  of  this  AFOSR  grant,  study  of  the  applicability 
and  advantages  of  large  self-cohering  arrays  for  a  broad  range  of  applications 
has  discovered  the  following  potential  advantages  associated  with  those  arrays 

1.  Improvement  in  the  range/power  trade  off  in  radar  and  communica¬ 
tions  as  a  result  of  the  high  power-aperture  product  (owing  to  large  size). 

2.  Improvement  in  resolution  and  tracking  (or  pointing)  accuracy 
owing  to  small  beamwidth  associated  with  large  arrays. 

3.  Lowered  probability  of  intercept  and  improved  interference  re¬ 
jection  in  communications,  direction  finding,  and  radar  owing  to  the  small 
beamwidth  associated  with  large  arrays,  and  owing  to  the  high  degree  of  null 
control  associated  with  individual-element  phase  control.  Adaptively 
placed  nulls  can  track  moving  interferers  and  ease  sidelobe  level  require¬ 
ments  . 

4.  Extension  of  the  capability  for  high  resolution  searching  and 
imaging  in  either  monostatic  or  bistatic  operation.  The  technology  for 
self-cohering  of  large  arrays  complements  the  imaging  capability  of  con¬ 
ventional  synthetic  aperture  radar  (SAR)  in  two  ways: 

a.  It  loosens  the  restriction  associated  with  conventional  SAR; 
specifically,  it  provides  for: 

i.  Variable,  loose-tolerance  flight  paths  by  means  of 
adaptive  signal  processing. 


ii.  Reduced  data  rate  through  aperiodic  data  thinning. 

iii.  Reduced  effects  of  propagation  anomolies  through  use 
of  adaptive  signal  processing. 

iv.  Improved  RFI  suppression  through  adaptive  signal  processing. 

b.  It  provides  a  real-aperture  alternative  to  SAR  for  high- 

resolution  imaging. 

i.  No  platform  motion  is  required. 

ii.  Arbitrary  array  configuration  is  permitted  owing  to 
individual-element  phase  control. 

iii.  Toler  ..ces  are  looser  -han  conventional  because  of  the 
adaptive  signal  processing. 

iv.  Aperiodic  or  random  thinning  of  large  arrays  provides 
greater  frugality  than  conventional  large  filled  arrays. 

v.  Scanning  is  by  sector  (angle)  as  in  conventional  radar, 
rather  than  strip  mapping  as  iji  conventional  SAR. 

DEVELOPMENT  OF  ADVANCED  SYSTFW  CONCEPTS 

Ground-based  Radio  Camera 

The  articles  in  Appendix  A  describe  design  concepts  for  a  ground-based 
radio  camera.  The  system  includes  a  single  transmitting  antenna  and  a 
separate,  1024  element  two-dimensional  receiving  array  spread  over  a  region 
approximately  300  meters  in  diameter.  The  array  is  divided  into  32  cl'  ters 
in  order  to  achieve  significant  sharing  of  processing  and  associated  re¬ 
ductions  in  cost.  The  particular  system  proposed  is  designed  to  operate 
over  20°  sector  in  horizontal  and  vertical  planes  which  would  intercept 
the  approach  flight  pattern  normally  used  by  aircraft  going  into  Philadelphia 
International  Airport.  The  system  would  be  capable  of  imaging  an  entire 
15  meter  aircraft  at  a  10  km  range.  A  modified  version  of  this  ground-based 
radio  camera  is  currently  being  developed  for  the  purpose  of  imaging 
ground  vehicles  and  tracking  high-speed  missile  trajectories,  under  sponsor¬ 
ship  of  Che  Army  Research  Office  and  White  Sands  Missile  Range  [1]. 

Airborne  Radio  Camera 

Reference  [2]  (See  Appendix  B,  pp.  B1  -  B20)  discusses  the  potential 
value  of  distributing  a  microwave  antenna  throughout  the  airframe  of  the 
aircraft.  It  shows  that  the  increased  antenna  aperture  can  enormously 
increase  the  power--aperture  product.  Consequent). y,  an  aircraft-size  aperture 


will  permit  significantly  increased  detection  range  or,  alternatively,  a 
reduction  in  transmitter  power  at  conventional  range,  thereby  lowering 
the  probability  of  intercept.  Other  potential  values  of  the  distributed 
airborne  array  concept  result  from  the  significantly  reduced  beamwidth 
associated  with  the  large  aperture.  Specifically,  the  angular  resolution 
is  improved  and  jammer  suppression  is  more  effective  in  directions 
near  the  direction  of  the  target. 

A  critical  problem  with  the  airborne  array  lies  in  the  synchroniza¬ 
tion  of  the  flexing  aperture.  Several  approaches  to  synchronization  of 
an  airborne  flexing  array  have  been  developed  [4].  These  techniques  use 
doppler  filters  and  range  gates  to  isolate  radar  returns  from  relatively 
small  ground  or  sea  clutter  patches.  The  returns  are  treated  as  beacon 
signals.  The  simplest  technique  permits  "telephoto"  imaging  in  the 
direction  toward  the  designated  clutter  patch.  This  technique  was 
successfully  tested  experimentally  using  airborne  radar  data  obtained 
from  the  Naval  Research  Laboratory  [5].  This  simple  technique  fails, 
however,  for  r.n  aircraft  which  flies  over  water  at  high  sea  states. 

This  high-sea-state  case  is  treated  in  [5]  and  [6]  (under  ONR  sponsor¬ 
ship)  . 

Space-Based  Large  Array  Radar 

Because  of  the  success  of  the  design  for  the  airborne  radio  camera, 
some  preliminary  concept  work  has  been  done  on  the  application  of  these 
techniques  to  space  radar.  One  concept  has  been  developed  in  which  a 
huge  (100  km)  geosynchronous-altitude  phased  array  is  created  from  radar 
receivers,  each  on  a  separate  vehicle.  The  transmitter  is  in  a  low 
orbiting  space  vehicle.  The  system  is  bistatic.  The  "cloud"  of  receivers 
self-synchronizes  on  the  back  radiation  from  the  low-orbiting  transmitter, 
the  dish  of  which  is  pointing  toward  the  ground.  Data  links  from  receivers 
to  the  ground  station  permit  the  ground  facility  to  organize  multiple 
receive  beams  that  follow  the  transmitter.  A  cross  range  resolution  of 
10  to  100  meters  should  be  achievable  on  the  earth’s  surface  with  such 
a  system.  The  proposed  concept,  shown  in  Appendix  C,  is  under  discussion 
with  Rome  Air  Development  Center  and  with  NASA. 


Forward-Looking  Synthetic  Aperture  Radar 

Another  potential  application  of  large  self-cohering  arrays  is  in 
forward-looking  synthetic  aperture  radar  (see  Appendix  D) .  Such  a  system 
could  employ  a  weaving  motion  of  an  airborne  platform  to  form  the  synthetic 
aperture.  The  concept  extends  to  a  large,  multi-platform  forward-looking 
synthetic  aperture  radar  such  as  might  be  formed  by  a  number  of  cruise 
missiles.  Initial  analysis  of  such  a  system  suggests  that  for  a  single 
subsonic  platform  a  cross  range  resolution  in  the  order  of  0.1  meter  to 
1  meter  may  be  practical  at  a  range  of  10  km.  Such  a  system  might  find 
application  in  terrain  following  or  imaging  at  microwave  frequencies. 

Data  thinning,  for  the  purpose  for  reducing  the  load  on  a  real-time 
signal  processor,  would  raise  the  average  sidelobe  level  to  -30  dB 
relative  to  the  main  lobe.  The  peak  sidelobe  could  be  as  much  as  10  dB 
higher  than  the  average  sidelobe  level.  The  sidelobe  level  can  be 
reduced  by  increasing  the  data  rate  or  by  one  of  the  sidelobe  reduction 
techniques  described  in  Appendix  G.  A  detailed  system  analysis  has  not 
been  performed. 

ENHANCED  SELF-COHERING  CAPABILITY  AND  EXPERIMENTAL  TESTING 

The  papers  in  Appendix  E  describe  a  number  of  techniques  for  self- 
cohering  of  large  distorted  arrays.  Reference  [7]  describes  an  algorithm 
for  cohering  a  radio  camera  and  presents  experimental  results  for  a  3  cm 
wavelength  demonstration  system  using  a  distorted  27  m  random  sparse  array. 
The  measured  beamwidth  of  1  mr  conformed  to  the  theory,  confirming  the 
validity  of  the  technique.  When  the  physical  distortion  of  an  array 
is  not  known  a  priori,  the  self-cohering  process  must  be  based  upon 
phase  front  measurements  of  the  radiation  from  a  source  external  to 
the  array.  The  ideal  adaptive  synchronizing  source  is  a  point  source 
radiating  in  free  space.  The  phase  fronts  of  realistic  sources  are 
perturbed,  however.  Reference  {8]  presents  three  types  of  practical 
sources  and  calculates  conditions  under  which  their  radiation  fields  are 
acceptable  for  adaptive  beamforming.  The  three  sources  are  the  passive 
reflector,  the  active  beacon,  and  radar  ground  clutter.  Multipath  and 
scattering  of  the  energy  radiated  from  a  beacon  or  target  induce  phase 
front  distortions  at  the  array.  Reference  [9]  describes  the  effect 
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of  these  phase  front  distortions  on  the  adaptive  beamforming  procedure. 

It  derives  a  simple  relationship  among  the  loss  in  gain  of  the 
adaptively  focused  array,  the  strength  S  of  the  scattered  field  relative 
to  the  direct  field,  and  a  spatial  correlation  function  p(9)  associated 
with  the  scattering  process,  where  9  is  the  scanning  angle.  The  article 
describes  a  series  of  experiments  which  appear  to  vindicate  the  theory 
and  then  uses  the  theory  to  determine  the  degradation  and  radio  camera 
scanning  performance  for  several  important  cases  of  interference  caused  by 
reflections.  Reference  (10]  describes  a  two-dimensional  (range-angle) 

radio  camera  imaging  experiment.  A  39  m,  X-band  (3  cm  wavelength)  array 
was  formed  by  a  cable  strung  between  two  towers,  each  10  m  high,  on  a  hill. 
A  pulsed  microwave  transmitter,  on  the  hilltop,  illuminated  the  vicinity 
of  Phoenixville,  Pennsylvania,  from  7  km  distance.  As  the  receiver  was 
moved  along  the  cable,  echoes  were  recorded  at  random  positions.  The 
time-shared  receiving  array  was  badly  distorted  as  well  as  time-varying. 

Yet  the  radio  camera  processing  produced  nearly  diffraction  limited  images 
of  3  city  blocks  at  a  distance  of  6.5  km  in  the  town,  and  details  of  a 
power  plant  at  a  distance  of  8.2  km.  The  use  of  two  different  pilot 
signals  or  beamforming  sources  for  the  self  synchronization  process  is 
demonstrated.  One  source  is  a  corner  reflector  located  in  the  town; 
the  other  is  a  target  of  opportunity  located  in  the  vicinity  of  the 
town. 

The  paragraphs  mentioned  above  all  describe  work  related  to  adaptive 
beamforming  of  a  receive  only  array.  In  reference  [11]  the  means  is 
described  for  self  organizing  a  non-rigid,  distributed,  transmit-receive 
antenna  array  for  use  in  airborne  radar;  the  techniques  are  applicable 
to  ground  base  or  shipboard  radar  as  well.  Methods  are  described  for 
initializing  the  array  using  various  primary  microwave  illuminators. 

References  [12-13]  describe  a  phase  multilateration  technique  for 
self  cohering  of  antenna  arrays  wnich  is  suitable  for  systems  which 
are  to  be  used  for  wide  angle  surveillance  and  imaging.  Two  approaches 
to  resolving  the  phase  ambiguity  associated  with  phase  multilateration 
are  described  in  [14]  and  the  probability  of  ambiguity  error  is 
derived  for  each  approach.  For  the  minimum  least  square  error  method 
an  efficient  computational  technique  is  introduced  which  permits  element 
position  uncertainties  as  large  as  one  wavelength  in  the  presence  of 
phase  measurement  errors  in  the  order  of  1  radian.  The  multiple 
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frequency  method  permits  element  position  uncertainties  significantly 
larger  than  1  wavelength;  the  probability  of  ambiguity  error  is  shown 
to  be  acceptably  small  if  the  RMS  phase  measurement  errors  are  in  the 
order  of  0.5  r  or  smaller. 

In  reterence  (15]  the  phase  multilateration  concept  is  generalized 
in  order  to  permit  locating  the  elements  of  a  flexible  phased  array 
sufficiently  accurately  to  form  high  quality  beams  without  the  accurate 
beacon  location  knowledge  which  is  characteristic  of  radio  navigation 
schemes.  The  effects  of  phase  measurement  errors  and  baseline  measure¬ 
ment  errors  on  array  beam  gain  and  pointing  error  are  shown  to  be 
reasonably  small  for  beam  pointing  directions  within  the  spread  of  the 
beacons.  The  general  self-survey  technique  is  extended  to  near-field 
synthetic  aperture  systems  in  [16].  The  article  introduces  a  modification 
that  resolves  the  mod  2ir  ambiguity  associated  with  phase  multilateration, 
and  shows  that  the  self-survey  technique  can  be  used  for  bistatic  (receive 
only)  and  monostatic  (transmit-receive)  systems.  The  validity  of  the 
technique  is  demonstrated  by  experimental  self-survey  and  imaging  with  a 
27  m  synthetic  aperture  X-band  (3  cm)  system. 

A  recent  study  of  very  large  arrays,  arrays  with  aperture  comparable 
in  size  to  the  target  range,  has  shown  ultimate  limits  to  the  resolution 
achievable  by  aperture  size.  The  study  has  focused  attention  on  the 
special  features  of  very-near-f ield  imaging.  A  new  approach  to  imaging 
in  the  very-near-f ield  has  been  developed.  The  ideas  will  be  tested 
experimentally  with  radar  data  presently  being  taken  under  ARO  sponsorship. 
This  work  will  be  presented  in  QPR  44  of  the  Valley  Forge  Research  Center. 

Kisliuk  [17]  (see  Appendix  E,  pp.  E113-E118)  has  developed  techniques  for 
flush  mounting  of  wide  band  conformal  antenna  elements.  Experimental 
development  of  these  elements  is  continuing. 

INTERFERENCE  REJECTION  IN  SELF  COHERING  ARRAYS 

Both  the  adaptive  beamforming  (narrow  field  of  view)  and  self 
survey  (wide  angJe)  techniques  for  self  cohering  of  large  non-rigid 
antenna  arrays  make  use  of  beacon  signals  or  target  reflections,  as 
seen  at  the  antenna  elements,  to  aid  in  beamforming.  Interference 
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can  reduce  or  destroy  the  ability  of  the  adaptive  system  to  self 
cohere  by  use  of  these  signals.  Thus,  the  interference  must  be 
cancelled  locally  at  each  array  element  (each  phase  measurement  point). 
Reference  [18 J  introduces  and  analyzes  three  cancellation  schemes 
which  meet  the  local  cancellation  requirement  for  self  cohering: 

1)  An  element  pairing  approach;  this  approach  is  suitable 
only  if  the  interference  amplitudes  are  balanced  at  the 
pair  inputs. 

2)  An  approach  which  injects  a  signal  at  each  element  to  cancel 
the  interference;  this  approach  is  suitable  only  if  the 

,  interference  does  not  turn  off  during  the  instant  the  beacon 
signal  phases  are  measured. 

3)  An  approach  which  controls  the  radiation  pattern  of  the 
elements  (subarrays);  this  approach  is  the  most  versatile 
and  promising  of  the  three  methods  but  requires  the  most 
hardware. 

In  a  self  cohering  system  the  desired  signals  (target  reflections) 
are  under  operator  control.  Therefore,  two  cancellation  procedures  are 
possible.  In  one  procedure  the  system  nulls  the  interference  in  the 
absence  of  target  returns  by  minimizing  the  mean  square  of  the  interfering 
signal  power  at  the  output.  After  nulling,  the  system  can  observe 
interference-free  target  returns.  In  the  other  procedure,  the  least- 
mean-square  algorithm  minimizes  the  interfering  signal  while  the 
imaging  system  is  in  operation;  the  interference  cancellation  is 
achieved  in  the  presence  of  both  the  desired  and  interfering  signals 
by  utilizing  the  power  inversion  property  of  the  canceller.  The  second 
procedure  performs  better  only  if  the  directions  of  arrival  of  the  desired 
signal  and  the  interference  are  closer  than  a  bound  which  depends  on 
the  noise-to-desired-signal  power  ratio.  The  usual  way  of  obtaining 
the  reference  signal  required  by  the  LMS  algorithm  is  through  a  reference 
signal  loop.  The  resulting  phase  shift  of  the  reference  signal  relative 
to  the  desired  signal  is  known  to  cause  weight  cycling  and  frequency 
distortion.  A  method  for  compensating  for  this  phase  shift  is  described 
and  demonstrated  by  simulation  in  [  19]  (See  Appendix  F,  pp.  F1-F9). 


Phase  locked  loops  play  an  important  role  in  nulling  systems. 
Reference  [20]  introduces  a  new  phase  locked  loop  (PLL) .  It  is  superior 
to  standard  PLL's  in  both  tracking  and  acquisition.  The  new  PLL 
uses  two  phase  detectors  simultaneously. 

Nulling  of  a  wide-band  interfering  signal  requires  wide-band 
instantaneous  frequency  measurements,  a  continuously  controllable 
delay  line,  and  a  wide-band  bilinear  correlator.  These  components 
are  difficult  to  implement  using  standard  hardware.  Reference  [21] 
describes  a  SAW  time  inversion  device  which,  together  with  a  SAW 
convolver,  will  provide  the  wide-band  correlator.  The  voltage-controlled 
SAW  delay  line  is  described  and  analyzed  in  [22].  Reference  [23]  dis¬ 
cusses  the  use  of  SAW  devices  for  wide-band  instantaneous  frequency 
measurement. 


ENHANCED  IMAGE  QUALITY  WITH  SPARSE  ARRAYS 

A  very  large  array  must  be  very  sparse  in  order  that  it  not  be 
prohibitively  expensive.  A  number  of  techniques  have  been  developed 
to  overcome  the  poor  sidelobe  properties  associated  with  very  sparse 
arrays.  Reference  [24]  introduces  a  sequential  nullin»  technique 
which,  according  to  computer  simulation  results,  is  capable  of 
accurately  imaging  target  points  with  dynamic  range  greater  than  the 
average  sidelobe  level  of  the  array  (See  Appendix  G,  pp.  G1-G25).  First, 


the  direction  of  the  peak  of  the  conventional  array  output  is  determined. 

It  is  the  first  (strongest)  estimated  target  direction.  The  target 
amplitude  and  phase  are  also  determined.  In  the  second  scan,  a  null  is 
fixed  in  that  estimated  strong-target  direction  while  scanning  the  main 
beam  across  the  scene.  The  second  strongest  target  is  determined  from 
the  second  scan.  In  the  third  scan,  two  nulls  are  fixed  in  the  directions 
of  the  two  largest  targets.  By  performing  the  nulling  technique  repeatedly, 
a  sequence  of  estimated  targets  is  determined.  The  technique 
stops  when  the  array  output  (the  total  energy  in  the  remaining  image)  is 
sufficiently  small  to  indicate  that  all  targets  have  been  nulled. 

Computer  simulations  show  that  the  technique  has  good  noise  tolerance  and, 
if  combined  with  adaptive  beamforming,  also  has  good  element  position 
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tolerance.  The  technique  is  now  being  applied  to  real  radar  data.  The 
work  will  be  submitted  to  the  IEEE  Transactions  on  Antennas  and  Propagation. 

A  second  method  [25]  modifies  the  "clean"  technique  of  radio 
astronomy  to  process  complex  images  rather  than  real  images.  This  method 
uses  target  subtraction  rather  than  target  nulling.  Thresholds  have  been 
derived  which  determine  when  to  stop  the  iterative  process.  The  work 
will  be  submitted  to  the  IEEE  Transacations  on  Antennas  and  Propagation. 

Image  artifacts,  due  to  high  sidelobes,  change  their  locations  from 
image  to  image  if  the  element  positions  are  altered  or  the  operating 
frequency  is  changed.  Superimposing  or  averaging  images  tends  to  build 
up  unable,  correct  portions  of  an  image,  while  reducing,  by  smoothing, 
the  image  artifacts.  In  principle,  all  the  sidelobe  crests  can  be 
reduced  to  the  average  background  level  and  all  the  troughs  in  the  side 
radiation  pattern  will  rise  to  this  level.  This  theory  is  presented  in 
[26]  (See  Appendix  G,  pp.  G26-G34).  Steinberg  [27]  relates  the  work 
of  [26 ]  to  other  diversity-based  techniques  which  have  been  developed 
under  ARO  and  ONR  sponsorship  at  the  Valley  Forge  Research  Center. 
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Appendix  A:  Ground  Based  Radio  Camera 

3.  ON  THE  DESIGN  OF  A  RADIO  CAMERA* 

Bernard  D.  Steinberg 
Raymond  S.  Berkowitz 

INTRODUCTION 

This  report  will  describe  a  technique  for  constructing  a  very  large,  ran¬ 
dom  adaptive  array  for  use  as  a  radio  camera.  The  radio  camera  is  designed  to 
provide  high  resolution  beams  suitable  for  imaging  aircraft  at  a  distance  of  a 
few  miles.  The  array  is  assumed  to  operate  at  X-band  frequency.  It  will  have  a 
maximum  extent  of  about  1000  ft  and  is  assumed  to  be  a  two-dimensional  array  con¬ 
taining  about  1000  elements.  The  parameters  which  have  been  mentioned  arise  from 
considerations  of  the  basic  nerformance  requirements  of  the  array;  i.e.,  band¬ 
width,  sidelobe  level,  available  terrain,  and  feasible  economy. 

Studies  extending  back  many  years  have  resulted  in  knowledge  of  the  expec¬ 
ted  performance  of  such  a  radio  camera,  and  experiments  have  produced  practical 
experience  in  the  types  of  hardware,  processing,  and  signals  which  will  be  use¬ 
ful  for  the  large  array.  Several  designs  for  array  elements  have  been  develop¬ 
ed  which  have  the  capability  for  reception  of  echo  returns  from  targets,  cohe¬ 
rent  detection,  and  means  for  communicating  the  detected  signal  (or  at  least  lcs 
significant  parameters)  back  to  a  central  point  for  processing:  Some  of  these 
designs  have  been  experimentally  evaluated.  Designs  have  been  worked  out  for 
processing  and  combining  the  outputs  of  array  elements,  techniques  for  convey¬ 
ing  the  various  required  reference  and  control  signals  over  the  array  have  been 
studied,  and  techniques  for  compensating  for  the  possibly  initially  unknown  po¬ 
sitions  of  the  array  elements  have  been  studied.  Bistatic  and  monostatic  con¬ 
figurations  have  been  examined,  as  have  techniques  for  providing  transmit  as 
well  as  receive  capability.  Current  studies  are  exploring  the  subtle  aspects 
of  image  formation  and  sidelobe  suppression  as  well  as  other  topics. 

The  building  blocks  are  available  for  the  design  and  fabrication  of  a  large 
experimental  system.  However,  the  path  from  concept  to  a  completed  system  is 
heavily  restricted  by  considerations  of  cost.  Even  though  the  random  adaptive 
array  theory  results  in  systems  that  are  orders  of  magnitude  cheaper  than  those 
available  from  conventional  technology,  they  are  still  expensive,  primarily  be¬ 
cause  they  must  reach  a  certain  critical  mass  in  terms  of  size  and  number  of 
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Research,  under  Grant  No.  AFOSR-78-3688 . 
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elements  before  their  potential  can  be  realized. 

In  a  practical  application  such  as  the  proposed  1000-element  array,  the  num¬ 
ber  of  elements  can  generate  problems  (from  both  the  viewpoint  of  cost  and  diffi¬ 
culty  of  fabricating  many  ele«?.nts,  and  the  difficulty  of  low-cost  computation  of 
the  image).  Unfortunately,  it  is  also  difficult  to  scale  the  size  of  the  array 
to  make  experimentation  less  costly,  because  the  array  beamwidth  remains  a  direct 
function  of  its  size,  and  the  array  pattern's  sidelobe  level  is  a  function  of  the 
number  of  array  elements  that  are  used. 

The  design  philosophy  presented  herein  endeavors  to  thread  a  path  from  de¬ 
sign  to  fabrication  such  that  the  performance-to-cost  ratio  is  kept  approximately 
constant  -  thus  avoiding  abrupt  expense  thresholds  as  the  system  develops:  Per¬ 
formance  should  remain  commensurate  with  cost  throughout  the  program. 

Previous  experiments  have  avoided  the  cost  jf  large  arrays  by  time  sharing, 
by  constructing  a  synthetic  aperture  through  the  movement  of  a  receiver  or  anten¬ 
na  over  the  array  domain  and  collecting  the  signals  over  an  extended  time  period. 
Time  sharing  of  the  processing  of  the  receiver  outputs  has  also  been  considered. 

A  central  processor  might  control  a  set  of  cub-processors,  each  of  which  could 
service  a  number  of  elements.  The  synthetic  aperture  approach  is  not  ultimately 
suitable  to  the  large  radio  camera  where  it  is  desired  to  perform  real-time  imag¬ 
ing.  Furthermore,  it  is  difficult  to  "grow"  a  radio  camera  from  the  synthetic 
aperture  approach;  the  simple  addition  of  more  elements  will  demand  more  sophis¬ 
ticated  processing,  and  no  major  performance  gain  will  be  achieved  until  many 
elements  are  added.  The  nature  of  required  processing  will  also  probably  change 
radically  as  the  array  changes  from  a  linear  synthetic  one  to  a  two-dimensional 
radio  camera. 

Multiplexing  of  the  receiver  outputs  to  time-share  processing  is  certainly 
a  useful  tool,  but  it  has  not  yet  provided  an  adequate  total  solution  since  it 
does  not  influence  directly  the  expense  of  the  array  elements.  A  multiplexed 
processor  can  be  designed  that  will  grow  gracefully  as  the  number  of  array  el¬ 
ements  Increases,  but  useful  imaging  must  still  await  the  fabrication  of  many 
array  elements.  A  solution  to  this  problem  (and  the  basis  of  the  design  to  be 
presented)  is  to  design  an  array  element  that  has  the  same  capability  for  easy 
growth  as  does  the  multiplexed  processing  system.  The  array  element  must  be 
flexible  enough  so  that  useful  performance  is  obtained  when  only  a  few  elements 
are  available  and  there  is  a  continuous  growth  path  in  terms  of  performance  as 
equipment  and  processing  are  added. 
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FIGURE  3.1  CLUSTER  ARRAY  SYSTEM 

A  schematic  representation  of  an  array  which  accomplishes  these  goals  is 
shown  in  Figure  3.1.  The  array  shown  is  not  the  first  array  which  will  be  con¬ 
structed  nor  is  it  the  ultimate  radio  camera,  but  it  is  illustrative  of  a  mid- 
sequence  system  design.  Later  reports  will  explain  how  this  design  evolved,  and 
its  potential  extensions.  This  design  example  was  chosen  to  Illustrate  sharing 
of  system  hardware  among  many  receiving  points  and  the  use  of  minimal  central 
processing  capability. 

An  array  of  1024  sampling  points  is  spaced  over  a  region  approximately  300 
meters  by  300  meters.  The  array  is  divided  into  32  clusters,  each  containing  a 
single  subarray  receiver/processor.  The  32  subarray  receiver/processors  are  con 
trolled  by  a  single  master  unit.  The  master  control  will  treat  the  array  as  if 
it  were  32  monolithic  antennas,  asch  aimed  st  the  target  to  be  imaged.  The  indi¬ 
vidual  cluster  arrays  will  be  automatically  aimed  at  the  target  through  adaptive 
beamforalng  rather  than  mechanical  pointing  as  in  the  case  of  a  real  monolithic 
antenna.  The  mechanism  and  processing  for  the  adaptive  beamforming  will  all  be 
contained  in  the  receiver  processor  of  each  cluster  array;  the  master  control 
unit  will  not  be  Involved  in  the  individual  cluster  beamforming  except  in  an 
overall  supervisory  capacity. 
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As  Indicated  in  Figure  3.1,  each  cluster  array  contains  one  rec^.ivsr/proces- 
sor  shared  by  32  receiving  antennas  placed  in  a  circular  array  about  it,  and  con¬ 
nected  to  it  via  cables.  The  antenna  inputs  will  not  be  time-shared;  there  wll 
be  32  parallel  receiving  and  processing  channels.  However,  there  is  a  substantial 
equipment  saving  by  centralizing  the  cluster  system  since  all  the  local  oscillator 
units  (used  only  for  down  conversion),  the  frequency  and  phase  reference  systems, 
and  the  local  procesing  can  be  shared  among  the  32  receiving  channels. 


Aa  shown  in  Figure  3.2  the  individual  antennas  might  have  beonwldths  of  about 
20°  in  horizontal  and  vertical  planes.  These  antennas  would  be  pointed  to  inter¬ 
cept  the  approach  flight  pattern  normally  used  by  aircraft  landing  at  Philadelphia 
International  Airport.  The  besmwldth  of  these  antennas  is  of  course  arbitrary  at 
this  design  level  and  will  eventually  be  determined  by  analysis  of  SNR  vs.  angle- 
of-view.  If  the  cluster  array  has  a  diameter  of  about  5  meters,  each  cluster  can 
generate  a  mainlo'oe  besmwldth  of  about  5  mr  at  X-band  frequency.  Since  this  beam 
is  formed  adaptively,  it  may  be  located  anywhere  within  the  20°  lobe  of  the  indi¬ 
vidual  cluster  antennas;  but  in  any  case  it  will  always  be  pointed  at  a  beamforming 
point  on  the  target;  It  is  assumed  that  the  target  will  be  illuminated  by  a  sepa¬ 
rate  radar.  When  the  individual  cluster  arrays  have  cohered  their  inputs  they  will 
generate  a  single  sum  waveform  which  will  be  returned  to  the  master  control  unit. 
The  master  control  unit  will  then  adaptively  beamform  using  these  32  inputs  and 
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FIGURE  3.3  BEAMFORMING  AND  SCANNING  OF  CLUSTER  ARRAY 

Figure  3.3  ehovs  a  acheaactc  representation  of  the  operations  performed  by 
the  Individual  cluster  arrays,  and  the  overall  organization  of  the  array  by  the 
master  control  unit.  Linear  arrays  were  assumed  for  ease  of  Illustration.  The  In¬ 
dividual  cluster  arrays  will  Initially  self-organlze  to  place  a  receive  beam  on  the 
far-fleld  target  located  at  angle  The  beamforming  of  the  clusters  and  the  over¬ 

all  array  will  be  accomplished  on  a  specular  return  from  the  target.  Aa  Indicated, 
each  of  the  cluster  arrays  will  receive  a  planar  wavefront  which  will  be  the  source 
of  coherence  for  that  cluster.  The  master  control  unit  will  then  cohere  the  array 
clusters  by  phase-shifting  their  outputs,  using  the  planar  wavefront  which  extends 
over  the  entire  array  as  the  beamformer  source.  The  master  control  unit  will  then 
scan  the  array  over  a  limited  angular  extent  by  introducing  phase  shifts  in  the  sig¬ 
nals  as  they  are  received  from  the  outputs  of  the  cluster  arrays.  In  this  example 
it  is  assumed  that  the  beamwidth  of  the  cluster  array  will  encompass  the  target  ’ 
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aircraft  and  the  master  control  can  image  the  aircraft  by  scanning  within  the 
cluster  besmwidth.  It  is  apparent  from  Figure  3.3  that  the  extent  of  the  scan  is 
limited,  since  as  the  overall  system  is  scanned  away  from  the  direction  of  the 
initial  beamforming  source,  greater  and  greater  phase  errors  are  introduced  due 
to  the  error  in  the  pointing  direction  cf  the  individual  cluster  arrays.  The 
master  control  can  only  scan  the  array's  beam  pattern  over  the  region  determined 
by  the  beamvidth  of  the  individual  clusters.  As  the  narrow  beam  produced  by  the 
master  control  unit  is  scanned  toward  the  edge  of  the  beam  pattern  of  the  clus- 
ter  array,  the  amplitude  of  the  cluster  .signal  return  will  begin  to  decrease.  It 
will  be  assumed  for  this  discussion  that  this  is  the  dominant  effect  of  scanning 
to  the  cluster  beam  edges  and  that  phase  remains  approximately  constant  over  the 
cluster  array  beam.  This  hypothesis  is  borne  out  by  previous  experimental  work. 

For  this  first  description  of  the  cluster  array  concept  it  has  been  assumed 
that  the  dimension  of  the  cluster  array  is  chosen  so  that  its  main  lobe  has  a 
cross-section  of  about  50  meters  at  10  km  (i.e.,  approximately  5  mr  beamwidth)  to 
permit  imaging  an  entire  aircraft;  however,  the  ratio  of  the  size  of  the  individ¬ 
ual  cluster  arrays  to  the  overall  dimension  of  the  entire  Bet  of  clusters  is  an 
important  design  parameter  in  this  array  concept.  Later  sections  of  this  descrip¬ 
tion  will  discuss  the  effects  of  increasing  the  cluster  size  to  form  a  much  nar¬ 
rower  sub-beam,  perhaps  having  the  dimensions  of  only  a  few  beamvidths  of  the 
overall  cluster  array.  The  use  of  large  cluster  arrays  is  of  particular  interest 
when  the  array  1s  modified  to  function  as  e  transmit /receive  unit  rather  than  as 
a  bistatlc  unit.  This  cluster  design  lends  itself  well  to  the  fabrication  of  a 
transmit /receive  array  system. 

Earl  N.  Powers 

SOME  SIGNAL  LEVEL  CALCULATIONS  FOR  A  GIANT  RADIO  CAMERA 

Work  has  begun  on  the  design  of  a  giant  radio  camera  to  be  installed  at  Val¬ 
ley  Forge  Research  Center.  Here  we  present  a  likely  set  of  system  parameters  and 
point  out  signal  level  requirements  for  reasonable  performance.  A  typical  Giant 
Radio  Camara  can  be  represented  by  the  simple  model  shown  in  Figure  3.4.  The  illu 
mlnator  and  receiving  array  system  are  operating  at  X-band  frequency ‘range.  X-3  a 
There  are  1024  array  elements  distributed  randomlyover  a  large  area  such  as  300  m 
x  300  m.  The  beamwidth  of  each  element  is  about  45°  and  the  noise  figure  of  each 


element  is  lOdB.  Furthermore,  a  2-ft  diameter  parabolic  dish  antenna  is  used 
for  the  operation  of  illuminator. 


FIGURE  3.4  SIMPLE  MODEL  OF  GIANT  RADIO  CAMERA 

The  objective  here  is  to  examine  typical  signal  power  requirements. 

Assumptions  are  made  for  the  calculation  of  a  typical  model.  For  example, 

2 

the  target's  cross-section  (0£)  is  taken  to  be  0.1  m  .  The  distance  between 
illuminator  and  receiving  array  is  about  1  mile,  and  the  distance  between  tar¬ 
get  and  illuminator  is  20  miles.  The  distance  from  target  to  receiving  anray 
system  is  also  assumed  to  be  20  miles. 

The  radar  equation  [1]  is  used  to  calculate  the  signal-to-nolse  ratio  of 
a  single  element  for  the  reflected  link.  The  data  and  result  are  listed  below. 

(F^)  "  transmitted  power  in  dBw, 

(G^)  “  the  gain  of  illuminating  antenna  in  dB, 

x.Ux  30.48)2!  .  y 

X  3  r| 

36.1  dB 
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(G^i) :  Che  gala  of  element's  antenna  In  dB, 

°.l  *  4*  *  <Bem»ldth(r.d)>I 2  ■  ‘"ft  ■  20'37 

♦  13.09  dB 

X  •  3  cm  4.77  dB  an 

R,  "  R,  *  20  miles  ■  17.6  n.  miles  *►  12.45  dB  , 

12  n  mile 

2  2 
a  ■  0.1  m  -*--10  dB  m 

signal  bandwidth,  2W  3  11  KHz  -*■  40.41  dB  H  . 

noise  figure,  NF  ■  10  dB 
o 

typical  loss  of  Che  link,  3  4  dB 

[S/HI  -  (P_)+(C  j+(G  , )+2 (X  )+(<?) -2  (R. )-2(R.)-2(W)-(NF~)-(L  ) 
r  r  T  ei  c  i  .  i  o  o 

-  (PT)  -  55.5  (1) 

where  [S/N]^  is  in  (dB)  and  (PT)  in  (dBw) . 

The  direcC  link  between  illuminator  and  receiving  array  is  calculated  In 
case  of  Che  utilization  of  a  broadcast  reference  signal.  The  result  is  shown 
as  follows. 

R,  -  1  mile  «  0.88  n  mile  ■  -0.555  dB  , 

3  n  mile 

The  beacon  equation  can  be  applied  here. 

(S/N]d  S  (PT)+(Gt)+(C#1)+2(X)-2(R3)-2(W)-(5F)-(L0)+77  -  (P.p+82.43  (2) 

where  [S/N]^  is  in(dB)  and  (P^)  in  (dBw). 

It  is  seen  that  (S/N]^  is  much  larger  than  [S/N]^.  As  a  ».  ^sequence, 
we  don't  have  to  worry  about  the  intensity  of  reference  signal.  In  addition, 
a  cable  or  wire  can  be  used  to  transmit  the  desired  reference  from  the  illumi¬ 
nator  to  the  array  module. 

Next,  the  Illuminated  region  is  calculated  as  follows. 

I  *  Ri  "  2x3574*8  x  20  nllefl  "  1  mile 
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A  1  x  1  mile  region  is  obtained.  This  value  may  not  be  enough  for  a 
practical  system.  However,  it  can  be  improved  by  changing  the  parameters  of 
illuminator. 

From  T.  Dzekov's  dissertation  [2],  we  can  show  that  in  the  case  of  syn¬ 
chronous  detection  the  signal-to-noise  ratio  is  improved  by  a  factor  of  N 
(N  ■  number  of  array  elements)  ,  whereas  in  the  case  of  square-law  detection 
Che  signal-to-noise  ratio  Improvement  tactor  is  N/2.  Thus  the  output  signal-to- 
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noise  ratio  is  given  as  follows. 

(1)  Synchronous  detection: 

IS/N]  -  (S/N]r  +  10  log. qN  ,  N-1024  =  (?T)  -  25.4  (3) 

out 

(2)  Square-law  detection: 

(S/8]  -  (S/N]r  +  10  log1Q  |  *  (PT)  -  28.4  (4) 

rout 

DISCUSSION,  CONCLUSIONS 

It  is  seen  that  the  critical  requirement  is  given  in  (1)  for  the  single 
element  receiver  SNR  as  a  function  of  (P^),  transmitter  power.  For  the  para¬ 
meters  assumed,  (P^)  must  be  65.5  dBw  (PT*3.55  Mw)  to  realize  a  10  decibel  SNR. 
Single  element  SNR  is  important  in  the  beamf onnlng  phase  of  radio  camera  op¬ 
eration.  It  is  possible  that  the  (P^)  requirement  can  be  relaxed  from  the 
following  considerations. 

(a)  30  or  40  dB  can  be  gained  by  using  a  corner  reflector  target  rather 

2 

chan  the  0.1  m  cross-section  target  assumed. 

(b)  A  narrower  effective  bandwidth  W  can  be  used  for  b^amformlng, 

(c)  Higher  gain  antennas  can  be  used. 

(d)  Smaller  ranges  can  be  usefully  assumed. 

In  any  event,  the  situation  for  imaging  should  be  much  better  as  shown  in 

(3)  or  (4),  gaining  up  to  30dB  for  the  multiple  element  array. 

In  the  next  quarter  more  specific  designs  will  be  obtained  so  as  to  pro¬ 
vide  high  resolution  imaging  capability. 

Raymond  S.  Berkovitz 
Shauh  Teh  Juang 
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3.  CLUSTER  ARRAY  RECEIVER  PROCESSOR  * 


Raymond  S.  Berkowitz  Earl  N.  Powers 

Shauh-Teh  Juang 

INTRODUCTION 

This  article  Is  a  continuation  of  the  description  of  the  X-band  cluster 
array  concept  presented  in  QPR  No.  37.  This  system  will  employ  a  total  of  1024 
receiving  points  placed  over  a  300x300  meter  area  at  VFRC.  The  purpose  of  this 
array  is  to  produce  high  resolution  images  of  aircraft  travelling  along  the 
flight  path  to  the  Philadelphia  airport. 

RECEIVER/PROCESSOR 

Fig.  3.1  shows  a  block  diagram  drawing  of  the  equipment  required  for  the 
implementation  of  the  cluster  array  receiver /processor.  In  this  description, 
it  is  assumed  that  the  cluster  array  will  consist  of  32  antennas  placed  reason¬ 
ably  uniformly,  but  not  with  high  accuracy,  around  a  receiver /processor.  The 
outputs  of  the  antennas  will  be  returned  to  the  receiver/processor  via  cables 
or  wave  guide.  Since  the  array  dimensions  are  chosen  to  provide  a  5  millira- 
dlan  beamwidth,  the  overall  size  of  the  cluster  array,  i.e. ,  6  meters,  bounds 
the  extent  of  the  cabling  system.  The  relatively  short  distances  to  be  tra¬ 
versed  will  limit  the  signal  losses  to  few  dB.  Each  of  the  antenna  outputs  re¬ 
turned  to  the  receiver/processor  will  be  mixed  with  the  output  from  a  local  os¬ 
cillator  to  generate  an  IF  channel  which  will  be  amplified  to  drive  a  phase  de¬ 
tector. 

The  oscillator  supplying  the  local  input  for  the  bank  of  down  converters 
will  be  shared  betveen  all,  in  this  case,  32  channels.  The  local  oscillator 
may  obtain  its  frequency  and  phase  reference  via  a  cable  from  the  master  con¬ 
trol  unit  as  indicated,  or  the  cable  might  be  replaced  by  an  RF  link.  The  mas¬ 
ter  control  will  supply  the  reference  to  all  32  clusters.  The  local  oscillator 
trill  be  phase  locked  to  the  reference,  so  that  its  frequency  will  be  exactly 
determined  and  its  phase  will  be  constant,  even  if  unknown  relative  to  the 
other  local  oscillator  in  the  other  array  clusters. 

The  phase  angles  of  the  32  IF  channels  are  measured  relative  to  a  common 
reference  signal  derived  from  the  master  control  signal,  and  it  is  assumed  that 
the  SNR  is  adequate  so  that  low  pass  filtering  following  the  dfetector  ..111 


suffice.  Ocher  applications  may  require  more  complicated  integration;  In  this  ex¬ 
ample,  target  range  Is  short,  relatively  constant,  and  adequate  transmit  power  Is 
assumed.  Similarly,  considerations  of  doppler  corrections  or  signal  compression 
for  range  resolution  have  been  postponed  until  this  basic  design  Is  complete. 

After  passing  through  a  gated  amplifier,  the  outputs  from  the  phase  detec¬ 
tor  will  drive  phase  shifters  which  will  be  used  to  co-phase  the  IF  signals 
from  each  of  the  antennas.  Figure  3.1  shows  A/D  conversion  of  the  phase  detector 
outputs,  and  then  the  complementary  D/A  operation.  These  operations  were  includ¬ 
ed  because  of  the  advantages  of  a  digital  phase  memory.  The  A/D  and  D/A  units 
need  not  be  high  performance,  since  they  are  used  only  to  process  the  phase  an¬ 
gles  needed  to  adaptively  place  a  relatively  wide  beam  in  the  direction  of  the 
target.  That  is,  the  system  operation  will  be  initiated  by  the  reception  of  a  ' 
planar  wavefront  from  the  target;  at  this  time,  the  phases  of  the  32  channels 
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will  be  measured,  converted  to  digital  fora,  and  held  in  memory.  The  reconvert¬ 
ed  analog  version  of  these  stored  values  will  drive  the  channel  phase  shifters 
to  co-phase  the  signals.  The  planar  beamforming  wavefront  is  assumed  to  arrive 
only  occasionally,  and  consequently  the  A/D  and  D/A  units  do  not  have  to  operate 
rapidly. 

The  control  for  activating  a  phasing  operation  will  consist  of  a  command 
which  is  relumed  from  the  master  control  unit;  the  amplifiers  shown  in  the 
phase-detector  phase-shifter  loops  are  assumed  to  have  sample  and  hold  capabil¬ 
ity  so  that  they  can  maintain  the  beamforming  phase  while  the  A/D  process  is  un¬ 
der  way.  The  outputs  from  each  of  the  32  channels  after  phase  shifting  are  sent 
to  an  analog  summer,  then  demodulated  and  converted  by  a  single  A-to-D  converter 
and  returned  to  the  master  control  unit.  A-to-D  conversion  at  this  point  is  ar¬ 
bitrary;  it  may  be  advantageous  to  return  the  summed  analog  signal  directly  to 
the  master  cuntrol,  rather  than  converting  it  to  digital. 

In  either  case.,  only  the  combined  signal  from  all  the  array  elements  is 
processed;  this  is  in  contrast  to  earlier  system  designs  which  typically  de¬ 
manded  A-to-D  conversion  for  each  antenna  output  signal.  .  This  required  either 
individual  A-to-D  converters  or  more  probably  a  single  high-speed  converter  and 
a  multiplexing  circuitry.  In  exchange  for  eliminating  individual  channel  A/D, 
it  has  been,  necessary  to  add  the  phase-detector/phase-shifter  network;  however, 
the  phase-detector  will  be  required  in  any  case  and  the  major  addition  equip¬ 
ment  is  limited  to  the  amplifier  and  the  phase-shifter.  In  addition  to  the  sav¬ 
ings  In  hardware  arising  from  combining  the  cluster  antennas  outputs,  a  large 
saving  in  computation  and  processing  is  accomplished  through  the  32-co-l  combin¬ 
ing  inherent  in  this  cluster  array  system.  The  master  processor  for  the  array 
will  manipulate  the  output  from  each  array  cluster,  but  not  the  individual  com¬ 
ponents  of  the  cluster  output.  Each  array  cluster  will  have  the  capability  for 
adaptive  beamforming,  but  at  the  current  level  of  discussion,  the  cluster's 
adaptively  formed  beam  will  not  be  acanned.  However  it  is  apparent  from  the  de¬ 
sign,  that  the  .addition  of  a  scanning  operation  would  be  relatively  simple 
through  use  of  the  available  phase-shifters.  It  would  require  primarily  an  in¬ 
terface  between  the  array  module  and  the  processing  system.  The  possibility  of 
adding  a  scan  capability  will  be  discussed  as  the  design  develops. 

The  final  major  component  of  the  cluster  array  system  shown  in  Fig.  3.1  is 
a  processor  which  will  compute  the  variance  of  the  amplitude  and  phase  measure- 
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meat a  of  the  signals  from  Che  array  elements.  This  information  will  be  used  Co 
establish  che  conditions  for  beamforming,  i.e.,  a  minimum  variance  amplitude  mea¬ 
surement,  as  is  typical  of  a  linear  phase-front  suitable  for  adaptive  beamforming 
[1] .  Similarly,  since  the  array  is  of  limited  extent,  a  best-fit -planar  surface 
could  be  used  to  measure  the  chase  deviations  over  this  cluster,  and  thi9  might 
also  be  used  as  an  indication  that  a  suitable  wavefront  has  arrived  for  adaptive 
beamforming.  The  phase  angles  are  available  at  the  detector  outputs,  but  it  may 
be  necessary  to  add  envelope  detection  to  provide  the  amplitude  data.  The  intent 
of  this  design  is  to  minimize  equipment  as  much  as  possible  without  limiting  the 
performance  of  the  system:  the  basic  components  required  for  independent  receiv¬ 
ing  channels  have  been  retained,  but  common  equipment  such  as  the  local  reference 
source  I9  shared  among  all  the  channels.  This  design  is  a  first  effort  and  may 
not  be  optimum.  The  total  equipment  might  be  reduced  further,  but  probably  only 
at  che  expense  of  complicating  the  system  operation.  For  example.  In  the  assumed 
application  of  Imaging  an  isolated  aircraft  flying  along  a  predictable  flight 
path.  It  might  be  possible  to  Introduce  an  additional  multiplexing  level.  The 
received  signal  from  the  aircraft  will  occupy  only  u  small  number  of  range  bins 
and, if  suitable  delays  between  the  array  antenna  outputs  could  be  introduced,  it 
would  be  possible  to  time-share  a  single  mixer  and  IF  chain  between  a  number  of 
antenna  elements. 

It  should  also  be  noted  that  the  design  of  the  cluster  array  processor/re- 
ceiver  is  particularly  attractive  from  the  viewpoint  of  converting  it  into  a 
transmit /receive  unit.  Since  all  the  cluster  antenna  outputs  are  referenced  to 
a  single  phase  source,  conjugation  of  the  Inputs  values  to  the  phase-shifters 
used  for  receive  beamforming,  could  be  accomplished  simply.  This  topic  vill  al¬ 
so  be  explored  in  a  later  section. 

CLUSTER  INSTALLATION,  CALIBRATION  AND  OPERATION 

Pig,  3.2  (repeated  from  QPR  No.  37)  shows  a  schematic  representation  of  the 
cluster  array  system.  The  Valley  Forge  aircraft  imaging  application  can  be  im¬ 
plemented  by  using  small  horns  having  nominal  beamwidths  of  about  60°-90°,  each 
aimed  in  the  direction  of  the  flight  path  along  which  the  aircraft  to  be  Imaged 
will  appear.  The  antennas  are  assumed  fixed  at  approximately  equal  angle  incre¬ 
ments  in  a  circular  pattern  about  their  receiver  processor.  This  geometry  was 

t 

chosen  because  it  implies  an  obvious  phase  center  for  the  cluster.  The  master 
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FIGURE  3.2  CLUSTER  ARRAY  SYSTEM 


control  unit  oust  have  knowledge  of  this  phase  center  location  for  each  cluster 
In  order  to  scan  the  array.  Other  cluster  array  geometries  may  be  superior  in 
some  respects  such  as  sidelobe  levels,  and  the  optimum  cluster  geometry  Is  a 
topic  for  future  study  which  will  be  bypassed  for  the  moment  since  it  is  be¬ 
yond  the  scope  of  the  current  discussion.  The  circular  geometry  of  each  clus¬ 
ter  should  define  the  phase  center  of  the  array  accurately  enough  so  that  deter¬ 
mination  of  the  exact  position  of  each  of  the  array  elements  will  not  be  essen¬ 
tial.  However,  if  it  is  found  necessary  to  actually  measure  the  positions  of 
the  array  elements,  this  might  be  accomplished  within  the  cluster  in  a  variety 
of  ways.  The  simplest  approach  would  probably  be  a  simple  mechanical  measure¬ 
ment  of  the  elements  based  upon  a  reference  point  located  on  the  receiver;  since 
the  cluster  is  assumed  to  be  about  6  meters  in  diameter,  this  measurement  would 
not  be  difficult.  However,  if  the  clusters  were  made  larger,  other  techniques 
would  be  indicated.  More  sophisticated  approaches  could  Involve  an  automatic 
distance  measurement  using  acoustics  or  RF.  A  middle-ground  approach  would  be 
to  equip  each  of  the  cluster  antennas  with  an  infrared  or  laser  reflector  and 
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use  a  corresponding  infrared  or  laser  transit  placed  at  a  reference  point  on 
the  processor/receiver. 

It  will  be  assumed  that  since  the  individual  antenna  elements  are  small 
and  contain  no  accompanying  electronic  packages,  they  may  be  placed  with  suffi¬ 
cient  rigidity  to  insure  that  frequent  updates  in  the  survey  are  not  required. 

Similar  survey  options  exist  for  the  determination  of  the  array  cluster 
phase  centers  relative  to  the  master  control  unit.  Probably  the  middle-course 
route  of  an  IR  or  laser  transit  represents  the  simplest  and  most  economical  way 
cf  surveying  the  phase  centers.  Because  of  cluster  approach,  the  survey  of  the 
array  from  tha  master  control  point  consists  only  of  locating  the  cluster  cen¬ 
ters.  In  the  assumed  example,  these  will  number  32  so  that  the  survey  proce¬ 
dure  is  much  reduced  from  that  which  would  be  required  to  survey  all  1000  ele¬ 
ment  locations,  in  order  to  treat  them  as  individual  elements. 

The  cluster  array  concept  is  also  attractive  from  the  viewpoint  of  elec¬ 
trical  calibration  since  it  can  also  be  performed  in  two  steps  like  the  system 
survey.  A  portable  antenna  cabled  to  a  source  at  the  master  processor  might 
be  moved  sequentially  Co  each  of  32  clusters  to  adjust  for  phase  shifts  in  the 
reference  signal  system  and  the  return  connections  from  the  cluster  arrays.  A 
similar  procedure  could  be  used  for  collection  of  the  individual  receive  chan¬ 
nels  in  the  clusters;  in  this  case,  the  calibrated  source  would  be  derived 
from  the  receiver/processor  in  the  cluster  to  be  callbrsted.  It  should  be 
noted  that  adaptive  beamforming  may  eliminate  the  need  for  extensive  phase  cal¬ 
ibration;  however,  the  two-step  procedure  described  is  probably  more  desirable 
than  the  calibration  prior  to  assembly  of  the  cables,  amplifiers  and  other  com¬ 
ponents  of  the  system,  and  should  be  considered  as  part  of  the  initial  setup 
procedure  for  the  array. 

This  array  system  will  include  a  separate  radar  transmitter  to  illuminate 
the  target  aircraft.  The  individual  clusters  will  function  independently  to 
beaaform  on  the  illuminated  target.  The  first  useful  return  from  the  target 
aircraft  must  be  specular  in  nature  if  the  array  clusters  are  to  adaptively 
beamform.  In  this  application,  the  return  to  the  cluster  arrays  will  be  limi¬ 
ted  to  sidelobe  clutter  in  the  absence  of  a  target  and  this  level  is  assumed 
low,  relative  to  a  useful  specular  return  from  the  target.  Since  the  clusters 
are  relatively  small,  any  specular  return  may  be  expected  to  occupy  a  single 
range  bin  and  the  adaptive  beamforming  procedure  would  be  initiated  by  peak 
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detecting  and  storing  the  amplitude  and  phase  of  the  target  signal  return.  A 
first  criterion  for  beamforming,  would  be  that  the  maximum  signal  was  found  in 
the  same  range  bin  in  the  majority  of  the  cluster  array  channels.  (The  range 
bin  timing  would  be  initiated  by  the  main-bang  feed-through  from  the  illuminat¬ 
ing  radar.) 

The  array  cluster  processor  will  examine  the  variance  in  amplitude  across 
the  elements  of  its  array  to  determine  whether  the  return  is  likely  to  be  spec¬ 
ular.  The  measured  phase  angle  will  be  held  while  the  variance  information  is 
returned  to  the  master  control,  which  will  decide  to  signal  all  of  the  array 
clusters  to  freeze  their  phase  memory  at  the  indications  produced  by  the  pre¬ 
vious  Illuminating  pulse. 

The  decision  of  the  master  control  unit  is  straightforward  if  all  Che 
clusters  simultaneously  Identify  a  minimum  variance  condition,  since  this  indi¬ 
cates  that  the  wavefront  is  suitable  for  adaptive  cohering  of  the  entire  array. 
The  master  control  decision  is  less  clear  when  the  cluster  outputs  are  not  con¬ 
sistent*-*  condition  which  results  either  from  a  non-specular  return,  or  be¬ 
cause  a  specular  return  is  visible  to  only  part  of  Che  array.  In  the  former 
case,  the  master  control  may  simply  not  freeze  the  measured  cluster  phases, 
but  wait  for  a  more  favorable  wavefront.  In  the  latter  case,  if  the  majority 
of  clusters  have  received  the  specular  return,  the  master  control  may  simply 
Ignore  the  remainder,  freeze  the  phases  and  proceed  to  scan  the  target. 

In  summary,  the  phase  memories  of  each  cluster  will  normally  be  updated 
on  each  transmitted  pulse  unless  they  are  deliberately  frozen  by  the  master 
control  unit.  Prior  to  being  frozen,  the  cluster  will  examine  each  return, 
searching  for  peak  detected  signals  that  all  occupy  the  same  range  bin.  This 
condition  suggests  a  possible  specular  return  and  will  Initiate  an  examination 
of  the  amplitude  variation  of  the  retpra  across  Che  cluster.  The  amplitude 
variance  Information  from  each  cluster  will  be  returned  to  the  master  control 
unit  which  will  make  the  decision  to  freeze  the  cluster  beamforming  phases  if 
there  is  an  adequate  Indication  of  a  specular  return.  Once  frozen,  the  master 
control  may  phase-shift  the  outputs  from  the  clusters  to  play  a  narrow  scan 
across  the  target.  This  scanning  procedure  will  involve  only  the  introduction 
of  phase  corrections  in  the  37.  cluster  outputs  returned  to  the  master  control. 
The  master  control  processes  only  32  Inputs  rather  than  1,024  signals  produced 
by  the  individual  antennas.  The  major  advantage, of  greatly  reduced  processing 


and  required  analog  hardware,  is  possibly  offset  by  the  poor  sidelobe  performance 
of  the  cluster  concept.  In  the  worst  case,  the  overall  pattern  of  the  array  will 
be  given  by  the  convolution  of  the  assumed  identical  cluster  array  patterns  and 
the  pattern  arising  from  considering  the  32  cluster  phase  centers  as  a  random  ar¬ 
ray.  The  near-in  sidelobe  may  be  escessively  high. Future  work  will  explore  this 
trade-off  through  reducing  the  sldelobes  by  transmit/receive  operation  and  the  use 
of  independent  cluster  patterns. 

Earl  N.  Powers 
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Radar  performance  in  noise  and  jamming  is  a 
monotonic  function  of  the  power-aperture  product  11, 
2].  This  paper  evaluates  the  improvement  in  radar 
performance  due  to  increasing  the  aperture  size  of  air¬ 
borne  radar  by  distributing  antenna  elements  or  small 
subarrays  throughout  large  portions  of  the  skin  of  an 
aircraft.  The  performance  measure  adopted  is  signal 
to  receiver  noise  ratio  (SNR)  and  its  equivalent,  detec¬ 
tion  range  of  targets  in  noise. 

The  critical  technical  problem  is  that  of  overcom¬ 
ing  the  distortion  in  such  a  phased  array  due  to  the 
nonrigidity  of  the  skin  and  airframe.  This  problem  is 
introduced  (but  not  solved)  in  the  paper,  and  a  discus¬ 
sion  of  other  difficult  technical  problems  is  presented. 
The  problem  of  nonrigidity  must  be  overcome  by  a 
retrodirective  [3,  4],  self-adaptive  technique  (3,  6,  7] 
based  upon  echoes  from  land  or  sea  clutter. 

In  addition  to  enhanced  SNR  and  detection  range, 
increasing  the  size  of  the  aperture  to  include  all  or 
most  of  the  airframe  offers  the  advantages  associated 
with  small  beamwidth. 

One  important  advantage  has  to  do  with  protec¬ 
tion  against  jammers  that  are  close  to  the  axis  of  the 
beam.  Rejection  of  jamming  energy  by  low  sidelobe 
design  or  adaptive  techniques  such  as  coherent  side- 
lobe  cancellation  and  adaptive  nulling  [8-12]  are 
known  and  useful  techniques.  Main  lobe  jamming, 
however,  is  not  suppressed  without  hazarding  the  sup¬ 
pression  of  target  return.  Increasing  the  size  of  the 
aperture  reduces  the  width  of  the  main  lobe  and 
thereby  reduces  the  minimum  angular  separation  be¬ 
tween  target  and  jammer  at  which  sidelobe  suppres¬ 
sion  techniques  can  operate. 

A  second  advantage  of  the  reduced  beamwidth  is 
the  enhanced  potential  for  target  counting  and 
classification. 

An  additional  value  of  the  improved  detection  per¬ 
formance  is  the  possibility  of  a  drastic  reduction  in 
transmitter  power  for  a  given  performance  so  as  to 
permit  the  successful  design  of  a  low  probability  of 
intercept  radar. 

The  paper  focuses  upon  the  SNR  performances  of 
three  airborne  distributed  array  systems  as  compared 
with  that  of  a  conventional  radar  with  a  modest  sized, 
confined  antenna  used  both  for  transmitting  and 
receiving.  From  the  parametric  relations  that  are 
developed,  the  conditions  which  produce  superior 
detection  performance  can  be  determined.  Generally 
speaking,  it  is  found  that  the  larger  the  aircraft  and 
the  shorter  the  wavelength,  the  greater  the  potential 
benefit.  In  one  A'-band  design  a  potential  increase  in 
detection  range  by  a  factor  of  4  is  reported. 
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NOMENCLATURE 

P  Average  transmitted  power  in  watts. 

Gr  Transmitter  antenna  gain. 

A,  Receiving  antenna  area  in  meters  squared. 

A  Wavelength  in  meters. 

To  Integration  time  in  seconds. 

o  Target  cross  section  in  meters  squared. 

R  Target  to  radar  distance  in  meters. 
k  Boltzmann's  constant  (1.38  *  lO’**  joules  per 
degree  Kelvin). 

T  Reference  temperature  (290  degrees  Kelvin). 

A/  Total  system  and  propagation  loss  factor  (in¬ 
cluding  receiver  noise  figure,  integration  loss, 
antenna  efficiency  loss,  filter  matching  loss, 
etc.).  Subscripts  are  used  in  the  text  to 
distinguish  between  the  systems. 

9  Azimuth  beamwidth  in  radians. 

9,  Azimuthal  surveillance  sector  in  radians. 

|  Elevation  beamwidth  in  radians. 

♦,  Elevation  sector  in  radians. 

D  Width  of  high  gain  antenna  in  meters. 

L  Length  of  aircraft  in  meters. 

W  Width  of  strip  available  on  the  fuselage  for 
the  distributed  antenna  array  in  meters, 
r)  Deployment  efficiency  (fraction  of  available 
fuselage  area  used  as  electromagnetic 
transducer). 

T.  Scan  time  in  seconds. 

S  Number  of  antenna  elements. 

P.  Average  power  radiated  by  individual  element 
in  watts. 

A,  Element  aperture  in  meters  squared. 

MONOSTATIC  RADAR  WITH  ROTATING 
TRANSMIT-RECEIVE  ANTENNA 

This  is  the  reference  system  against  which  the 
distributed  antenna  systems  are  compared.  Examples 
are  the  E-2  and  E-3  airborne  early  warning  (AEW) 
systems.  The  integrated  output  SNR  is  given  by  (2) 

SNR*  r  -  PGrA IV (4n)l/?4fc TM.  (1) 

The  azimuth  beamwidth  9  =  A/D.  The  antenna 
gain  is  given  by  Gr  -  4n/04  -  4nD/Af  The  receiving 
antenna  area  is  given  by  A  ■  AD/+.  It  it  assumed 
that  the  integration  time  T»  is  equal  to  the  time  on 
target  (time  during  which  the  target  is  illuminated). 
That  time  is  less  than  T,  by  the  ratio  of  azimuthal 
beamwidth  to  2n,  or  To  m  XTJlnD  where  the  scan 
time  T,  is  the  time  for  a  mechanicJly  scanning  anten¬ 
na  to  rotate  2n  rad.  Making  these  substitutions  yields 

r  »  PkoDT./WVR4kTMl  (2) 

where  the  subscript  1  has  been  given  to  M  to 
designate  system  1 .  The  elevation  beamwidth  |  of  the 


antenna  is  assumed  to  be  equal  to  the  desired  eleva¬ 
tion  coverage  +,. 

DISTRIBUTED  RECEIVING  ARRAY  AND  HIGH 
GAIN  ROTATING  TRANSMITTING  ANTENNA 

Fig.  I  shows  how  the  reference  system  is  modified. 
The  high  gain  rotating  antenna  is  retained  but  is  used 
only  for  transmission.  The  receiving  system  is  a 
distributed  array;  a  fuselage  array  is  depicted  in  the 
figure.  It  consists  of  N  receiving  elements  distributed 
in  a  band  along  the  length  of  the  fuselage.  Let  the 
length  of  the  fuselage  be  L  and  the  width  of  the  band 
be  W  (e.g.,  L  and  W  for  a  Boeing  707  are  approx¬ 
imately  45  m  and  2  m).  The  receiving  array  is 
distributed  along  the  aircraft  surface  forming  an  aper¬ 
ture  of  length  LP  D\  hence  the  receiving  beamwidth 
is  much  smaller  than  the  transmitting  beamwidth.  To 
prevent  diminishing  the  number  of  hits  per  target,  the 
signal  processor  simultaneously  forms  a  group  of  ad¬ 
jacent  receiving  beams  to  fill  the  transmitting  main 
beam.  The  number  of  receiving  beams  will  be  9r/9n 
■*  L/D,  where  9r  is  the  transmitting  beamwidth  and 
6k  is  the  receiving  beamwidth.  The  elevation  beam- 
width  of  the  receiving  array  (A/  IV)  is  usually  much 
narrower  than  the  required  elevation  coverage  ♦,. 

Hence  H^/A  receiving  beams  in  elevation  must  be 
formed  to  cover  the  desired  sector  • 

Number  of  Receiving  Elements 

The  element  radiation  pattern  should  cover  the 
desired  surveillance  sector  of  the  radar.  Therefore  it 
should  have  a  beamwidth  of  8.  in  azimuth  and  f  in 
elevation.  The  width  and  length  of  each  array  element 
are,  therefore,  D,  »  X/9,  and  D,  =  A/+„  respectively. 
The  fuselage  area  available  for  deploying  the  elements 
is  L  If  we  assume  that  a  fraction  n  <  1  of  that 
area  is  used  for  the  electromagnetic  transducer,  then 
the  number  of  antenna  elements  in  the  fuselage  array 
becomes 

N  *  n  L  fV/D,D,  -  n  L  H'e.f/A1.  (3) 

Equation  (3)  is  evaluated  for  two  different  air¬ 
crafts  and  the  results  are  given  in  Table  1.  One 
airplane  is  the  Boeing  707,  a  large  aircraft  which 
could  serve  an  AEW  function;  the  other  is  a  smaller, 
high-performance  aircraft  such  as  the  General 
Dynamics  F-16.  L  and  W  for  these  aircraft  are  ap¬ 
proximately  45  m  and  2  m,  and  10  m  and  1  m,  respec¬ 
tively.  In  both  cases  n  *  0.5  is  assumed.  Taking  the 
azimuthal  surveillance  sector  8,  *  2  rad  and  the  re¬ 
quired  elevation  coverage  |,  ■>  1  rad,  the  number  of 
elements  is  shown  in  Table  I. 

The  SNR  is  derived  by  substituting  the  proper  area 
A  in  (1).  A  is  given  by  NA..  The  effective  element 
area  A.  is  given  by  AV+,0,.  CT  is  given  by  4nD/X+„  N 
is  given  by  (3),  and  T0  by  XT,/2nD.  Substitution  yields 
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r  =  r)PoLWTJ%ni+tR'kTM1.  (4) 

It  is  interesting  to  observe  from  (4)  that  the  signal 
to  noise  power  ratio  is  not  affected  by  the  transmit¬ 
ting  azimuth  beam  width.  This  is  true  provided  that 
the  beamwidth  does  not  get  so  large  that  it  is  no 
longer  possible  to  integrate  coherently  across  the 
beam.  In  that  case  integration  must  be  partially 
coherent  and  partially  noncoherent,  and  the  integra¬ 
tion  loss  increases,  a  factor  affecting  the  performance 
of  system  III.  This  is  discussed  numerically  in  a  later 
section.  Also  discussed  there  are  the  relative  beam- 
shape  losses.  Another  relevant  factor  in  comparing  the 
systems  is  that  even  though  the  SNR  might  not  be  in¬ 
fluenced  by  azimuth  transmitting  beamwidth,  the 
number  of  receiving  beams  is  affected  by  the  beam- 
width;  hence  the  size  of  the  transmitting  antenna  af¬ 
fects  the  complexity  of  the  signal  processor. 

DISTRIBUTED  RECEIVING  ARRAY  AND  LOW 
GAIN  NONROTATING  TRANSMITTING 
ANTENNA 

In  this  design  the  high  gain  rotating  transmitting 
antenna  is  eliminated  and  one  of  the  array  elements  is 
substituted  as  a  low  gain,  wide  beam  transmitter.  The 
azimuthal  width  of  the  transmitting  antenna  pattern 
becomes  equal  to  9,.  Its  elevation  beamwidth  4.  is  un¬ 
changed.  Therefore,  Gr  ■  4n/4,0..  The  receiving 
antenna  is  formed  from  N  such  antenna  elements. 
Therefore,  A  *  NA.  «  NX  70,4,.  Substituting  (3) 
for  N yields  A  r\LW. 

To  achieve  the  maximum  integration  gain,  the 
signal  processor  simultaneously  forms  a  group  of  ad¬ 
jacent  receiving  beams  such  that  the  azimuthal  sector 
covered  by  the  receiving  beams  is  the  same  as  that  of 
the  transmitting  pattern.  Hence,  the  integration  time 
T,  will  be  longer  than  in  designs  I  and  II,  which  com¬ 
pensates  for  the  low  gain  of  the  transmitting  antenna. 
The  relative  efficiencies  are  discussed  in  a  later  sec¬ 
tion.  As  a  result  of  the  increased  integration  time,  the 
integration  loss  also  will  be  increased.  M,  can  be  used 
to  indicate  this  increased  loss.  As  in  system  II,  H'VA 
receiving  beams  in  elevation  are  formed  simultaneous¬ 
ly  to  cover  the  desired  sector  4..  For  generality  the 
transmitter  power  will  be  indicated  by  P'.  Making 
these  substitutions  results  in 

r  -  nP'oL  WTJAnO.^kTM,.  (5) 

DISTRIBUTED  TRANSMITTING  AND 
RECEIVING  ARRAY 

Here  it  is  assumed  that  each  element  transmits  and 
receives.  The  average  power  transmitted  per  element  is 
P.  and  the  element  gain  is  G..  The  average  power  den¬ 
sity  at  the  target  due  to  a  single  transmitter  element  is 
f*',  ■  P.GJAnR*.  The  electric  field  E,  is  proportional 


R*.  I.  Distributed  receiving  array  and  high  gain  rotating  transmit¬ 
ting  antenna. 


TABLE  I 

Number  of  Elemerti  Deployable  Along  One  bide  of  the  Fuselage,  n 
-  0.3 


Wavelength  (m) 

Aircraft 

N 

03 

Boeing  707 

1000 

0.1 

Boeing  707 

9000 

0.03 

General  Dynamics  F-16 

1 1000 

to  W)'1.  When  the  transmitting  array  is  focused  on  a 
target  the  total  electric  field  is  E  ■  N  E.  and  the  total 
average  power  density  is  W  «  N’H',.  Therefore  the 
SNR  at  the  receiver  is 

r  =  (N'P.G.)o{NA.)rj{AnYR*kTM<  (6) 

where  NA,  is  the  total  receiving  aperture  and  T0  is  the 
integration  time.  In  this  design  electronic  scan  in 
azimuth  and  elevation  for  both  transmit  and  receive 
beams  is  required.  The  ratio T./TJ  is  equal  to  the 
number  of  transmit-receive  beams  within  the 
surveillance  sector  £>„  4,.  Therefore  T"0  = 

\'TJLW9, 4,.  For  this  design  integration  losses  can  be 
ignored  since  H  <  T..  (Care  must  be  taken  that  T“0  is 
not  less  than  one  interpulse  period,  however,  a  condi¬ 
tion  which  the  equation  above  may  lead  to  at  the 
shorter  wavelengths.  In  such  a  case  T.  must  be 
lengthened  or  the  other  parameters  decreased  so  that 
at  least  one  hit  per  target  is  available  to  each  beam.) 
The  gain  and  aperture  area  of  an  element  is  the  same 
as  Gr,  A,  in  design  III.  N  is  given  by  (3).  Hence  NA. 

■  r\LW and  Tl  m  r)T,/N.  Making  these  substitutions 
yields 

r  -  tfNP.oL  WTJ4n6,Wl4kTMt.  (7) 

SNR  IMPROVEMENT  FACTOR 

The  ratios  of  (4),  (3),  and  (7)  to  (2)  are  the  relative 
SNRs  of  the  three  distributed  array  systems  to  the 
conventional,  monostatic  radar.  This  ratio,  designated 
the  relative  gain  or  improvement  factor  /,  is  given  in 
the  first  column  of  Table  II. 

The  second  column  of  Table  II  is  based  on  four 
assumptions:  1)  the  angular  sector  9,  is  assumed  to  be 
about  2  rad;  2)  the  required  elevation  coverage  is 
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TABLE  It 

SNR  Gains  of  Systems  II.  III.  and  IV  Relative  to  System  I 


SNR  Improvement  Factor  / 

System 

i  General  Case 

Special  Case,  9,  *■  2  rad,  ♦.  “ 

1  rad,  T‘,  -  T„  P/P  ■ 

Nh./P  -  9/2n 

It 

rjM.fLK'/A/.AD 

rfM.LW/MU) 

tit 

ho]M,P  T,)JL  W/M,P9,  T.ID 

IV 

2nr\‘M,SPAJ- 

about  1  rad;  3)  T0  =  T„  which  implies  that  the  rate 
at  which  target  data  are  delivered  to  the  user  is  the 
same  for  all  systems;  4)  P'/P  =  NP./P  *  S/2n, 
which  implies  the  use  of  the  same  power  per  angular 
sector  foi  all  systems.  It  is  seen  that  for  all  distributed 
designs  I  increases  linearly  with  L  WtfJXD.  LW  is  the 
fuselage  area  (one  side)  and  A23/+.  is  the  aperture  of 
the  conventional  fuselage  area  (one  side)  and  XD/+.  is 
the  conventional  antenna  used  in  design  I.  L  W^JXD, 
therefore,  is  the  maximum  potential  increase  in  aper¬ 
ture.  Since  n  is  the  fraction  of  the  fuselage  area  used 
to  deploy  the  elements,  nL  W^JXD  is  the  factor  by 
which  aperture  increases.  It  is  shown  later  that  system 
losies  Mu  M„  and  M,  are  larger  than  the  loss  M,  of 
the  conventional  design  (i.e.,  the  fractions  M,/Mu 
M,/M.  are  smaller  than  unity).  Hence  the 
aperture  gain  rj£  W^yXD  must  be  significantly  higher 
than  unity  to  make  the  distributed  designs  attractive. 


RELATIVE  SYSTEM  LOSSES 

The  parameters  Mt/M„  M,/Mit  and  Mt/M,  repre¬ 
sent  total  system  and  propagation  losses  for  designs 
II,  III,  and  IV  relative  to  the  conventional  design  1. 
The  contributions  to  the  system  loss  are  compared 
below.  Propagation  losses  are  unaffected  by  choice  of 
design. 

Beam -Shape  Lorn 

As  the  beam  scans  over  a  target,  the  echo  pulses 
are  modulated  by  the  antenna  pattern,  reaching  the 
maximum  value  only  when  the  beam  points  directly  at 
the  target.  Blake  [16,  IT]  showed  that  antenna  modula¬ 
tion  represents  a  loss  of  SNR  of  1.6  dB  for  an  anten¬ 
na  scanning  in  one  dimension  and  a  3.2  dB  loss  when 
a  pencil  beam  is  used  to  scan  in  two  dimensions. 

When  the  number  of  hits  per  scan  is  ve.y  low,  the 
average  loss  will  increase  because  the  target  might  be 
seen  only  at  the  edge  of  the  beam.  The  pattern  loss 
for  these  cases  are  given  in  [18]. 


For  the  purpose  of  this  analysis  it  is  assumed  that 
the  conventional  design  (system  I)  has  a  pattern  loss 
of  1.6  dB  (0.8  dB  for  transmission  and  0.8  dB  for 
reception). 

Design  II,  using  the  mechanically  scanned 
transmitting  antenna  and  the  electronically  scanned 
multiple  narrow  beams  for  receiving,  has  the  same 
modulation  effect  both  for  transmitting  and  receiving. 
Therefore,  the  pattern  loss  for  this  design  is  the  same 
as  that  of  system  I. 

System  III  also  uses  multiple  receiving  beams. 

Here  the  receiving  beams  are  stationary,  but  since 
they  are  very  narrow,  aircraft  and  target  motion  cause 
target  echos  to  move  through  several  receiving  beams 
during  the  integration  time.  This  is  equivalent  to  scan¬ 
ning  the  receiving  beams  over  the  target.  Therefore  a 
pattern  loss  of  0.8  dB  for  reception  is  assumed. 

The  broad  transmitting  beam  in  system  III  also  is 
stationary.  Its  power  pattern  GA+)  is  angle  dependent. 
Its  maximum  value  is  at  6  =»  0  and  it  drops  by  3  dB 
for  8  *  ±  6s/ 2.  The  beam-shape  loss  for  this  case  is 
defined  as  the  additional  SNR  required  to  maintain 
the  same  average  probability  of  detection  P ,  as  for  the 
loss-free  case. 

The  SNR  depends  linearly  on  GA&)-  Since  P4  is  a 
function  of  SNR,  it  also  is  angle  dependent,  i.e.,  Pt 
>  g(6).  If  we  assume  that  targets  are  uniformly 
distributed  in  angle  throughout  the  surveillance  sector 
6„  then  the  average  probability  of  detection  is  given 
by 

__  »-4«/2 

p,  =  e;'f„/2g(8)c/e.  (8) 

It  is  further  assumed  that  in  the  interval  -  6s/ 2  <  d  < 
9s/2  the  one-way  power  pattern  and,  therefore,  the 
SNR  can  be  approximated  by  a  constant  times 
cosJ(2n6/20,).  The  nonlinear  dependence  of  Pt  on 
SNR  is  calculated  in  many  radar  handbooks  for  dif¬ 
ferent  false  alarm  rates.  By  using  P4  (SNR)  given  in 
[1,  ch.  2,  fig.  4],  (8)  was  evaluated.  For  a  2  rad 
surveillance  sector  and  a  constant  probability  of  false 
alarm  of  10**  it  was  found  that  an  SNR  of  14.3  dB  is 
required  to  achieve  an  average  probability  of  detection 
of  0.9.  Comparing  that  with  the  required  13.2  dB 
SNR  associated  with  the  loss-free  case  and  the  same 
probability  of  detection,  it  is  concluded  that  the 
beam-shape  loss  for  transmitting  is  1.1  dB.  Therefore  a 
total  of  1.9  dB  beam-shape  loss  is  assumed  for  design 
II. 

Design  IV  involves  two  dimensional  scanning  for 
which  the  loss  is  3.2  dB  provided  that  there  is  more 
than  one  hit  per  Kan.  in  addition,  the  transmitting 
gain  for  each  element  has  the  same  angle  dependence 
as  in  design  III.  Therefore  an  additional  loss  of  1.1 
dB  is  added.  A  total  beam-shape  loss  of  4.3  dB  is 
assumed  for  this  design.  Based  on  this  analysis  the 
estimated  relative  (to  design  I)  beam-shape  losses  are  0 
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dB,  0.3  dB,  and  2.7  dB  for  designs  II,  III,  and  IV, 
respectively. 

Integration  Loss 

The  integration  losses  are  expected  to  be  negligible 
for  designs  I,  II,  and  IV  because  their  integration 
times  will  be  short  enough  to  allow  coherent  integra¬ 
tion  with  negligible  losses.  The  integration  time  for 
each  is  limited  by  the  beamwidth  of  the  transmitting 
antenna  or  the  transmitting  array  and  by  the  required 
scanning  time  through  the  sector.  In  design  III, 
however,  the  total  sector  is  continuously  illuminated 
by  the  broad  beamwidth,  nonrotating  transmitting 
antenna.  The  integration  time  will  be  limited  only  by 
the  required  rate  at  which  data  are  to  be  delivered  to 
users.  Since  integration  over  a  few  thousand  pulses 
(several  seconds)  is  expected  to  take  place  in  design 
III,  some  combination  of  coherent  and  noncoherent 
integration  will  be  required.  Hence,  integration  loss 
relative  to  ideal  coherent  integration  cannot  be  ig¬ 
nored.  As  an  example,  an  integration  loss  of  ~  2.3  dB 
is  expected  for  a  mixed  integration  process  having  a 
2000  pulse  integration  time  when  coherent  integration 
of  only  100  pulses  is  possible  (2,  pt.  IV,  ch.  4]. 

Receiver  Noise  Figure 

There  is  no  reason  why  the  receiver  noise  figure 
should  differ  in  the  four  designs. 


Adaptive  Beam-Forming  Loss 

It  is  explained  later  that  the  three  distributed  array 
designs  will  probably  require  adaptive  self-cohering 
techniques  to  compensate  for  fuselage  vibrations. 
Calculating  the  loss  in  the  self-cohering  procedure  is 
beyond  the  scope  of  this  paper.  However,  experience 
with  experimental  adaptive  beam- forming  and  scan¬ 
ning  systems  at  the  Valley  Forge  Research  Center  [13] 
indicates  that  the  one-way  loss  can  be  held  below  1 
dB.  This  value  will  be  attributed  to  designs  II  and  III 
and  a  2  dB  loss  will  be  attributed  to  design  IV. 

Combined  Relative  Losses 

These  estimates  are  used  in  the  performance  ex¬ 
amples  given  below.  Expressed  in  decibels,  the  ratios 
of  the  loss  factor  Af,  to  the  losses  in  systems  II,  III, 
and  IV  are  -IdB,  -3.8dB,  and  -4.7dB. 

INCREASE  IN  SNR  AND  DETECTION  RANGE 

In  comparing  the  four  systems  it  is  tempting  to 
assume  either  that  their  average  powers  are  equal  or 
that  their  average  powers  per  unit  azimuthal  angle  are 
equal.  However,  such  assumptions  are  not  necessarily 


TABLE  111 

SNR  Gains  in  Decibels  of  Systems  II,  III,  IV  Rclaiive  >o  System  1 
Due  to  Enlarged  Aperture  of  Distributed  Array 


System 

L-Band  AEW  on 
Boeing  707 

5-Band  AEW  on 
Boeing  707 

Y-Band  on  General 
Dynamics  F-16 

11 

13.2 

18.5 

23.9 

III 

10.4 

15.7 

2!.l 

IV 

6.5 

11.8 

17.2 

TABLE  IV 

Ratios  of  Detection  Ranges  of  Systems  II,  111.  IV  to  System  I 


System 

L-Band  AEW  on 
Boeing  707 

5-Band  AEW  on 
Boeing  707 

Y-Band  on  General 
Dynamics  F-16 

11 

2.14 

2.90 

3.96 

111 

1.82 

2.47 

3.37 

IV 

1.45 

1.97 

2.69 

realistic.  P  and  NP,  arc  affected  by,  and  therefore 
limited  by,  different  physical  and  design  phenomena. 
NP.  can  be  larger  or  smaller  than  P.  Because  of  the 
large  possible  range  in  their  ratio  it  is  fruitless  to  take 
it  into  account  in  comparing  the  relative  merits  of  the 
systems.  Thus,  only  the  effect  of  the  enhanced  aper¬ 
ture  is  included  in  our  discussion. 

Table  III  shows  the  SNR  improvement  factors  due 
to  the  enlarged  aperture  of  the  distributed  array  and 
Table  IV  shows  the  factors  by  which  the  detection 
ranges  increase  for  0,-2  rad,  =  1  rad,  T'0  *  T„ 
p'/p  m  NP./P  =  0/2n,  rj  =  0.5  and  for  three  sets 
of  parameters:  1)  D  »  20A,  L  -  150A,  W  =  7A;  2)  D 
=  50K  L  =  450A,  W  =  20A;  3)  D  =  20A,  L  -  350A, 
W  »  35A.  The  first  two  sets  are  realistic  for  L-  and 
5-band  (A  -  0.3  and  0.1  m)  AEW  radar  on  a  large 
aircraft  such  as  a  Boeing  707;  the  third  set  is  realistic 
for  an  A"-band  (A  »  0.03  m)  radar  on  a  small  aircraft 
such  as  a  General  Dynamics  F-I6.  The  value  0.5 
chosen  for  i)  is  based  upon  examination  of  aircraft 
models  and  photographs  and  may  prove  somewhat 
optimistic.  For  rj  =  0.25,  systems  II  and  III  lose  3 
dB  in  SNR  gains  and  system  IV  loses  6  dB. 

The  SNR  gains  of  systems  II,  III,  and  IV  relative 
to  system  1  (shown  in  Table  III)  are  also  equal  to  the 
amount  by  which  the  total  transmitted  powers  of  the 
distributed  systems  can  be  decreased  while  maintain¬ 
ing  the  same  detection  range  as  the  conventional 
system. 

AN  AEW  EXAMPLE 

Consider  the  long  range  detection  problem  with 
the  following  radar  and  target  parameters: 
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TABLE  V 

Average  Transmitted  Power  Required  to  Achieve  650  km  Detection  Range 


System 

r)  «  0.1 

1  -  0.2 

-3 

1  a 

© 

US 

n  -  0.4 

r  ”  0.5 

1 

83  kW  (not  a  function  of  rj) 

II 

5.86  kW 

2,93  kW 

1.95  kW 

1.46  kW 

1.17  kW 

111 

11.15  kW 

5.58  kW 

3.72  kW 

2.79  kW 

2.23  kW 

IV  Total 

136.98  kW 

34.25  kW 

13.22  kW 

8.56  kW 

5.48  kW 

per  module 

76  W 

9.51  W 

2.C2  W 

1.19  W 

0.61  W 

o=  10  m1 
/.  =  200  Hz 
A  —  0. 1  m 
D  -  50A 
1  =45  m 


«'=2m 
rj  =  0.5 

P/P  =  NP./P  =  0,/2n 
M./M,  =  -1.0  dB 


I  =  45  m  Mt-/ Mt  =  -3.8  dB 

*r=  4  X  10*"  W/Hz  .V,/A/«  -  -4.7  dB 

A/,  =  10  dB  SNR  =>  13  dB  (correspon- 

.  _  _  ding  to  0.95  prob 

0  ”  ’  ability  of  detection 

■  1  rad  and  10‘‘  prob- 

.  -  .  ability  of  false 

alarm) 


R  =  650  km  (desired 
detection  range). 

The  average  transmittted  power  required  to 
achieve  650  km  detection  range  for  the  four  systems  is 
shown  in  Table  V  for  several  different  values  of  ele¬ 
ment  deployment  efficiency  q.  The  differences  are 
dramatic.  Whereas  an  unrealistic  83  kW  is  required 
for  the  conventional,  monostatic  design,  less  than  5 
kW  suffices  for  a  bistatic  system  with  a  large, 
distributed  receiving  array. 

SIDELOBE  LEVEL  OF  A  RANDOM  ARRAY 

One  of  the  important  parameters  in  system  perfor¬ 
mance  is  the  average  sidelobe  level  (ASL)  of  the  anay 
in  the  receiving  mode,  which  is  1/jV  (7).  The  pattern 
of  the  transmit-receive  array  is  the  square  of  the 
radiation  pattern  of  the  distributed  receiving  array  . 
and,  hence,  ASL  for  this  case  is  1/AP.  The  factor  of 
N  advantage  is  of  considerable  importance  in  detec¬ 
ting  targets  in  clutter,  which,  therefore,  makes  system 
IV  preferred  over  systems  11  and  III.  However,  the 
improved  two-way  sidelobe  pattern  is  of  no  advantage 
with  respect  to  jamming;  all  systems  will  perform  ac¬ 
cording  to  the  1/N  ASL  of  the  receiving  array.  Since 
the  one-way  average  sidelobe  level  is  not  likely  to  be 
less  than  -  35  dB,  other  electronic  counter- 
countermeasure  techniques  must  be  designed  into  such 
a  system.  Adaptive  nulling  is  very  attractive  in  this 
regard  [10,  12,  13]. 


POTENTIAL  FOR  HIGH  ANGULAR 
RESOLUTION 

The  minimum  available  beamwidth  of  an  aperture 
of  length  D  operating  at  wavelength  \  is  the  order  of 
U£>  rad.  As  an  example,  the  typical  horizontal  aper¬ 
ture  of  an  Af-band  nose-mounted  radar  antenna  is  20 
wavelengths.  Its  beamwidth  is  1/20  rad  or  3°.  At  a 
radar  distance  of  20  km  the  beam  cross  section  is  1 
km.  The  beamwidth  of  the  radar  in  the  Boeing  E-3A 
Airborne  Warning  and  Control  System  (AW ACS)  is 
the  order  of  1  °. 

Now  imagine  that  the  receiving  aperture  is  spread 
over  the  airframe.  The  effective  size  for  any  direction 
of  view  is  the  projected  length  of  the  airplane  as  seen 
from  that  direction  (Fig.  2).  The  effective  length  for 
most  aircraft  is  close  to  the  length  of  the  fuselage  or 
the  wing  span  regardless  of  direction.  The  fuselage  of 
the  Boeing  707  is  45  m  in  length.  An  aperture  of  this 
size  at  L-band  (30  cm)  is  150  wavelengths.  The  beam- 
width  would  be  1/150  rad  *  6.7  mrad  =  0.38°. 

Table  VI  gives  the  beamwidths  at  several  wavelengths 
and  includes  the  resolving  power  of  human  optics  for 
comparison. 

It  is  seen  that  the  optical  resolution  of  the  radar 
operator,  with  his  eyes  and  brain,  is  the  same  order  as 
the  potential  resolution  of  a  distributed  array  installed 
on  a  large  aircraft  and  operated  at  the  shorter  radar 
wavelengths.  Thus,  the  potential  exists  for  providing 
him  with  an  all  weather,  all  around  looking,  night  and 
day,  microwave  imaging  system  with  as  fine  a  resolu¬ 
tion  as  he  himself  has  with  his  eyes  and  brain. 

PHASE  SYNCHRONIZING  THE  DISTRIBUTED 
ARRAY 

The  fundamental  problem  of  cohering  or  phase 
synchronizing  the  array  is  that  the  airframe  is  not 
rigid  and  that  its  skin  vibrates.  The  problem  is  less 
serious  at  L-band  than  at  Af-band  because  the  posi¬ 
tional  tolerance  (A/4n)  is  10  times  larger.  Nonetheless 
techniques  which  compensate  for  element  position 
uncertainty  will  be  needed  if  the  bulk  of  the  entire  air¬ 
frame  is  to  be  available  for  the  radar  array.  It  is  ex¬ 
pected  that  self-cohering  or  adaptive  beam  forming 
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will  b«  required.  A  method  suitable  for  airborne  use 
for  systems  II  an  111  is  described  in  [7],  It  is  a  self- 
cohering  process  which  forms  a  retrodirective  {3,  4] 
beam  upon  echoes  from  land  or  sea  clutter.  The 
search  algorithm  for  obtaining  the  reference  signal  for 
the  adaptive  beam  forming  process  is  described  in  (5, 
6).  Early  experimental  results  using  this  algorithm  are 
given  in  (13,  19).  The  transmit-receive  problem 
(system  IV)  is  much  more  complicated.  Active 
retrodirective  techniques  have  been  designed  for  the 
solar  power  satellite  (SPS)  concept  (14). 

OTHER  PROBLEMS 

Many  other  problems  confront  the  designer, 
although  none  so  fundamental  as  the  one  above.  The 
companion  problem  to  the  adaptive  phase  syn¬ 
chronization  problem  is  scanning  the  receiving  array 
following  adaptive  beam  forming.  This  problem  has 
been  solved  [13,  14).  The  tolerance  theory  regarding 
element  position  uncertainty  is  understood  [7].  The 
next  major  problem  is  the  development  of  methods  of 
adaptive  beam  forming  of  a  transmitting  array  on  a 
moving  aircraft.  The  SPS  work  already  done  will  be 
helpful  (14).  Some  of  the  other  design  problems  are 
those  typical  of  phased  array  designs  (types  of 
elements,  single  elements  versus  subarrays  or  clusters, 
methods  of  mounting,  polarization,  and  bandwidth) 
while  others  relate  specifically  to  the  self-cohering 
system  (methods  of  phase  conjugation  and  reference 
phase  distribution  for  adaptive  transmit-receive  array, 
effects  of  multipath  and  scattering  from  the  ground  or 
sea  surface  and  from  reflections  within  the  array  from 
the  aircraft  structure,  interconnections  between 
elements  and  the  signal  processor,  real  time  adaptive 
signal  processing,  and  display). 


OBSERVATIONS  REGARDING  SNR  AND 
DETECTION  RANGE 

The  results  shown  in  the  tables  are  very  attractive. 
They  indicate  that  the  distributed  airborne  array  will 
be  useful  when  large  detection  range  with  low 
transmitted  power  is  required.  In  addition,  the 
distributed  airborne  array  is  useful  when  adaptive 
nulling  close  to  the  beam  axis  and  better  angular 
resolution  are  desired. 

In  systems  I,  II,  and  III  a  single  transmitter 
radiates  the  full  power.  System  III,  using  a  single  low 
gain  nonrotating  antenna,  is  far  superior  to  the  other 
two  mechanically  but  requires  a  more  complicated 
signal  processor  to  simultaneously  lorm  many  receiv¬ 
ing  beams  in  azimuth  as  well  as  in  elevation.  In  addi¬ 
tion,  it  must  provide  efficient  integration  over  Tt.  In 
SNR  performance,  system  III  is  slightly  poorer 
(about  3  dB)  than  system  II.  However,  by  not  requir¬ 
ing  the  massive  rotating  antenna  used  in  II,  the  third 


Fig.  2.  Effective  array  length  is  projected  extent  of  aircraft  normal 
to  direction  of  view  . 


TABLE  V! 

Beamwidihs  of  a  45  m  Aperture  and  the  Human  Optical  System 


Physical  Aperture 

A(m) 

Beam  width  (mrad) 

Boeing  707 

3  *  10- 

6.7 

Boeing  707 

3.2  *  IO-* 

0.7 

Boeing  707 

8.6  *  10-’ 

0.2 

Human  eye 

5  x  10- 

0.3 

design  is  more  attractive.  System  IV  radiates  from  the 
distributed  array.  It  is  a  much  more  complicated 
system  than  system  III,  but  it  offers  a  very  much 
lower  two-way  sidelobe  level.  It  exhibits  SNR  and 
detection  range  poorer  than  designs  II  and  III  for  the 
sdme  total  transmitted  power.  SNR  performance 
(relative  to  designs  II,  III)  decreases  linearly  with  the 
deployment  efficiency  factor  rj.  Differences  of  nearly 
4  dB  and  1 J  dB  in  SNR  performances  relative  to 
design  III  are  estimated  for  n  “  0.5  and  rj  -  0.1, 
respectively.  Therefore  design  IV  is  preferred  only  if 
the  reduced  two-way  sidelobe  level  is  essential. 

SUMMARY 

The  improvement  in  SNR  and  detection  range  due 
to  distributing  an  antenna  array  throughout  the  air¬ 
frame  and  skin  of  an  aircraft  is  examined.  SNR  for¬ 
mulas  for  three  system  configurations  are  presented 
and  compared  with  that  of  a  conventional,  monostatic 
radar.  Each  of  the  new  systems  uses  the  distributed 
array  for  reception.  One  of  them  uses  a  separate,  high 
gain,  rotating  transmitting  antenna  while  another  uses 
one  of  the  receiving  antenna  elements  for  transmis¬ 
sion.  Both  designs  are  bistatic.  The  third  new  system 
uses  the  entire  distributed  array  for  transmission. 

SNR  and  detection  range  performances  for  each  of 
the  three  distributed  systems  exceed  those  of  conven¬ 
tional,  monostatic  radar.  The  A'-band  example  given 
in  the  paper  shows  a  potential  detection  range  increase 
as  large  as  a  factor  of  4. 
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In  addition  to  the  dramatic  performance  increase 
expected  from  the  distributed  array,  it  offers  three  ad¬ 
ditional  potential  advantages:  an  increase  in  spatial 
signal  processing  capability  because  of  the  enlarged 
sire  of  the  aperture,  an  improvement  in  azimuthal 
resolution,  and  a  potential  reduction  in  transmitter 
power  for  fixed  radar  performance  so  as  to  reduce  the 
probability  of  intercept. 

The  critical  problem  to  be  solved  is  that  of  phase 
synchronizing  the  distributed  array  when  the  airframe 
is  nonrigid. 
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The  radio  camera  technique  is  a  potential  solution  to 
the  problem  of  making  an  airborne  antenna  array  conform 
to  an  arbitrary  surface.  A  radio  camera  normally  is  a 
large  aperture  system,  usually  at  microwaves,  in  which 
the  antenna  array  may  be  disiorted  and  its  surface  may  be 
varying  with  time  [I ).  The  distortion  may  also  be  electri¬ 
cal  as  due  to  differential  electrical  coupling  from  the  an¬ 
tenna  elements  to  the  local  environment.  Distortion  of  the 
phase  front  across  the  array  also  results  when  the  velocity 
of  propagation  is  not  constant  in  the  medium  |2|. 

All  three  sources  of  distortion  introduce  phase  errors 
into  the  radar  echoes  received  at  the  antenna  elements  of 
the  phased  array.  In  general,  these  errors  are  random  and 
unknown  a  priori.  However,  they  can  be  measured  if  ra¬ 
diation  having  a  phase  front  of  known  geometry  is  made 
to  illuminate  the  array  and  if  the  measurements  can  be 
used  to  calibrate  a  bank  of  phase  shifters  associated  with 
the  antenna  elements.  Let  <t»K,  be  the  expected  phase  of 
the  signal  received  at  the  rth  element  from  a  known  refer¬ 
ence  field,  and  let  4>,  be  the  measured  phase.  The  differ¬ 
ence  =  <t>,o  -  <t>,  is  the  phase  distortion  due  to  the 
several  sources  described  above.  The  error  can  be  cor¬ 
rected  completely  for  the  reference  radiation  field  by  add¬ 
ing  a  calibration  phase  -  6<t»,  to  the  rth  phase  shifter.  The 
effect  is  to  calibrate  the  array  perfectly  for  a  target  Ic 
cated  at  the  source  of  the  reference  field.  Fortunately,  the 
same  calibration  is  adequate  over  a  field  of  view  reason¬ 
ably  large  compared  with  the  size  of  most  radar  targets.  It 
lias  been  shown  that  when  the  primary  source  of  distor¬ 
tion  is  geometric  and  characterized  by  a  standard  devia¬ 
tion  <rx,  the  angular  field  of  view  (in  radians)  centered  on 
the  source  of  the  reference  field  is  X/2-mr,,  where  X  is 
the  wavelength  (3).  For  example,  if  <r,  =  I0X,  which  is 
two  orders  of  magnitude  larger  than  conventional  phased 
array  (or  dish  or  lens)  tolerance,  the  field  of  view  is 
about  1/60  rad  or  I®.  This  is  very  large  compared  with 
most  targets  and  target  complexes.  (For  still  larger  fields 
of  view,  such  as  is  needed  for  wide  angle  search,  more 
than  a  single  reference  field  is  required  (4).) 

The  ideal  reference  source  is  a  point  source  in  free 
space  (5],  The  reference  field  is  planar  or  spherical,  ac¬ 
cording  to  the  distance  to  the  source.  A  comer  reflector  is 
an  excellent  source,  for  it  is  physically  small  while  it  ex¬ 
hibits  a  large  radar  cross  section.  An  active  beacon  tran¬ 
sponder  similarly  makes  a  good  phase  synchronizing 
source.  Both  are  practical  for  use  with  fixed,  ground- 
based  systems,  but  neither  is  practical  when  the  system  is 
airborne. 

An  airborne  radio  camera  cannot  depend  upon  such 
implanted  reflectors  or  active  sources.  Instead,  it  must 
depend  upon  echoes  from  the  ground  or  sea  surface  and 
man-made  targets  of  opportunity.  This  paper  discusses 
four  techniques  for  seif-synchronizing  a  nonrigid,  arbi¬ 
trarily  conformal,  distorted  airborne  phased  array  on  such 
radar  echoes. 
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II.  MINIMUM  ECHO-AMPLITUDE  VARIANCE  TEST 

This  algorithm  is  described  in  (I  j.  It  consists  of  three 
parts.  First,  the  variance  of  the  amplitudes  of  the  group 
of  echoes  from  each  range  bin,  measured  at  each  element 
in  the  array,  is  calculated.  The  range  bin  having  the  low¬ 
est  echo  variance,  when  normalized  to  the  average  echo 
power  in  that  range  bin,  is  selected  as  the  reference  range 
for  the  system.  Second,  the  processor  either  multiplies  the 
complex  sample  at  each  array  element  from  each  range 
trace  by  the  complex  conjugate  of  the  echo  at  the  refer¬ 
ence  range  or,  more  simply,  merely  phase  rotates  the  re¬ 
ceived  echoes  by  the  phases  of  the  complex  conjugates  of 
the  signals  at  the  reference  range.  This  is  the  adaptive 
part  of  the  process.  Third,  the  processor  applies  linear 
phase  weighting  across  the  array  to  electronically  scan  the 
adaptively  formed  beam  in  angle. 

The  object  of  the  first  step  is  to  find  a  target  or  a 
clutter  patch  whose  reradiation  most  closely  approximates 
that  of  the  point  source.  The  object  of  the  second  step  is 
to  self-cohere  the  array  upon  that  target.  The  object  of  the 
third  step  is  to  scan  the  beam  in  angle  to  the  left  and 
right  of  that  target. 

This  algorithm  is  very  simple  to  implement.  It  re¬ 
quires  no  special  filtering  of  the  radar  echoes  nor  any 
complicated  signal  processing.  It  was  possible  to  test  this 
algorithm  recently  with  airborne  radar  data  (6).  The  ex¬ 
periment  used  recorded  dau  obtained  from  Dr.  Fred  Stau- 
deher  of  the  Naval  Research  Laboratory  (NRL).  An  8- 
riement  UHF  phased  array  was  flown  at  200  knots  at  an 
altitude  of  15  000  to  20  000  ft  over  the  southeastern  por¬ 
tion  of  the  United  States.  The  transmitting  pattern  was 
Dolph-Chebyshev-weighted  lor  -  24  dB  sidelobes.  The 
received  radar  echoes  were  separately  recorded  on  each  of 
the  8  channels  in  a  high  quality  digital  recording  system. 


Demodulation  was  coherent  and  the  in-phase  and  quadra¬ 
ture  video  channels  were  recorded  with  10-bit  precision. 
A  funcronal  sketch  is  shown  in  Fig.  1 . 


Fig.  I  NRL  experiment*!  equipment. 

Although  a  radio  camera  array  would  be  expected  to 
be  flexible  and  distorted,  the  NRL  antenna  was  rigid. 
Hence,  its  proper  performance  was  predictable  and  could 
be  compared  with  the  performance  of  the  system  when 
the  »dopuve  algorithm  was  applied.  That  is.  two  beam- 
forming  algorithms  were  applied  to  the  multichannel  re¬ 
corded  dau.  The  first  was  the  conventional  linearly 
phase-weighted  beamforming  procedure.  The  second  was 
the  self-cohering  algorithm  described  above.  The  results 
are  shown  in  Fig.  2. 

The  solid  curve  of  Fig.  2  shows  the  pattern  which  re¬ 
sulted  from  the  adaptive  process.  As  is  explained  in  [3] 
and  [7],  the  beam  which  is  formed  by  the  adaptive  proce¬ 
dure  is  directed  toward  the  dominant  scattering  center  in 
the  illuminated  ground  patch  in  the  range  bin  selected  by 
the  signal  processor  for  adaptive  beamforming.  Hence, 
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Fig.  2.  Comparison  of  pattern*  formed  *dip<ively  (solid)  tnd  nonadaptively  Beam  direction  near  ground  crack  of  aircraft. 
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Fig.  3.  Comparison  of  scanned  outputs  of  adaptively  (solid)  and  nonadaptively  formed  beams. 


the  origin  will  usually  differ  from  (he  bearing  of  the 
transmitter  array.  In  this  experiment  the  difference  turned 
out  to  be  0.07  rad  or  —  0.3  X/L,  where  X  is  the  wave¬ 
length  and  L  is  the  antenna  length.  The  bearing  of  the 
transmitting  array  was  fixed  at  0.6”  from  the  flight  direc¬ 
tion.  The  dashed  curve  shows  the  receiving  pattern  of  a 
uniformly  weighted  8-elerpent  array  associated  with  con¬ 
ventional  nonadaptive  beamforming.  The  origin  of  that 
pattern  which  is  the  bearing  of  the  transmitting  array  has 
been  shifted  by  0.07  rad  so  that  die  adaptive  and  nona¬ 
daptive  patterns  can  be  compared.  The  results  are  very 
similar,  indicating  that  the  adaptive  process  worked  well. 
The  smallest  normalized  echo  variance  observed  was 
0.0026. 

A  study  has  been  made  to  determine  the  largest  nor¬ 
malized  echo  amplitude  variance  that  provides  satisfactory 
adaptive  beamforming  results.  Considering  the  radiation 
pattern  to  be  acceptable  when  the  first  sidelobe  has  no 
more  than  doubled  (risen  to  -  10  dB),  it  has  been  found 
that  the  normalized  echo  amplitude  variance  can  be  as 
large  as  0.02. 

The  largest  echo  variance  observed  in  the  range  traces 
examined  was  0.77.  Adaptive  beamforming  on  such  a 
range  bin  is  not  fruitful.  The  high  variance,  on  the  other 
hand,  implies  a  complicated  echo  profile  in  the  ground 
patch  which  therefore  makes  such  a  range  bin  interesting 
to  image;  it  is  possible  to  self-cohere  the  array  on  the 
echoes  from  a  low-variance  bin  and  scan  the  adaptively 
formed  beam  at  the  high-variance  bin  as  well  at  ail  other 
ranges.  Fig.  3  is  an  example.  There  the  beam  is  self-coh¬ 
ered  at  the  range  bin  used  in  Fig.  2  and  then  scanned  at 
the  range  bin  having  the  0.77  variance  (solid  curve).  The 
response  of  the  rigid,  electronically  scanned  phased  array 
is  shown  dashed.  Again  the  agreement  is  excellent,  indi¬ 
cating  that  this  simple  algorithm  has  promise  of  being 
suitable  for  self-cohering  an  airborne  phased  array. 


ill.  DOPPLER-AIDED  SYSTEM 

While  the  experiment  reported  above  and  in  [6] 
yielded  highly  satisfactory  results,  the  technique  contains 
an  inherent  difficulty.  The  problem  is  that  the  illuminated 
ground  patch,  because  of  its  large  size,  is  highly  likely  to 
contain  more  than  one  large  radar  target.  When  this  hap¬ 
pens,  the  reradiation  from  such  a  range  bin  is  inappro¬ 
priate  for  use  as  a  phase  synchronizing  field.  That  the 
cross  range  dimension  of  the  illuminated  ground  patch  is 
very  large  compared  with  the  sizes  of  reflecting  structures 
is  readily  seen:  its  size  is  approximately  kR/L.  where  R  is 
the  distance  to  the  patch.  In  general,  the  transmitting  an¬ 
tenna  will  be  a  conventional  antenna  for  airborne  radar, 
which  means  that  L/k  will  be  on  the  order  of  20  to  30. 
Even  at  a  relatively  short  range  such  as  20  km.  the  cross 
range  dimension  is  several  hundred  meters.  Thus  notwith¬ 
standing  the  excellent  results  described  above,  it  is  possi¬ 
ble  (hat  natural  terrain  and  manmade  target  complexes 
will,  from  time  to  time,  deny  the  system  the  ability  to 
self-sync  hrontze  on  the  algorithm  described  above.  A 
Doppler-aided  technique  described  in  this  section  helps  to 
solve  that  problem. 

Fig.  4  shows  an  aircraft  flying  with  speed  V  illumi¬ 
nating  a  ground  patch  with  a  transmitting  beam  having 
beamwidth  A8.  The  width  of  the  illuminated  sector  is 
RA0.  Each  of  the  three  large-cross-section  reflectors 
shown  in  the  illuminated  patch  reradiates  a  spherical  field 
which  is  essentially  planar  at  the  aircraft  (Fig.  S).  The 
sum  of  the  three  fields  has  a  highly  nonplanar  phase 
front,  which  therefore  renders  it  inadequate  for  the  self- 
cohering  algorithm  described  earlier.  The  radiations  from 
the  three  targets,  however,  originating  from  different 
bearing  angles,  have  different  Doppler  shifts.  Thus,  nar¬ 
rowband  filtering,  akin  to  synthetic  aperture  processing, 
can  pass  the  echoes  from,  say,  the  central  target  while  re- 
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Fig  *.  N»rrowb*nd  filter  in  receiver  passes  echoes  from  narrow  sl-ip  in 
illuminated  ground  patch. 


Fig.  5.  Ground  patch  detail 

jecting  the  radiation  fields  of  the  others.  In  this  way,  a 
large,  area-extensive  clutter  patch  containing  many  prom¬ 
inent  re  fleet  0*1  can  be  effectively  reduced  to  a  small, 
confined  patch  reradiating  a  planar  wavefront  at  the  air¬ 
craft. 

To  insure  that  the  radar  backscatter  is  essentially 
planar  across  the  array,  the  effective  cross  range  dimen¬ 
sion  of  the  scattering  region  must  be  small  enough  so  that 
the  lobes  of  the  reradiation  pattern  from  the  clutter,  no 
matter  how  complex  or  irregular,  are  large  compared  with 
the  aircraft  size  The  lobe  spacing  at  the  aircraft  is  about 
KR/T,  where  T  is  the  cross  range  dimension  of  the  rera¬ 
diating  patch,  which  must  be  on  the  order  of  twice  the 
aircraft  size,  assuming  that  the  entire  aircraft  is  used  for 
the  receiving  array  (3).  This  fact  and  the  Doppler  relation 
between  aircraft  speed,  wavelength,  and  target  angle  if, 

-  2V  cos  0/X)  places  the  following  requirement  upon  the 
bandwidth  W  of  the  narrowband  filter  W  =  2  ViL  where 
L  is  the  aircraft  si2e  [7], 

Narrowband  filtering  need  be  only  in  a  single  antenna 
element  channel  in  the  system.  Fig.  6  shows  the  minimaJ 
circuitry.  The  filtered  output  from  one  antenna  element 
serves  as  a  reference  wave  for  measuring  in  that  figure 
involves  phaselock  loops.  The  efficiency  of  operation  is 
improved  if  narrowband  filters  axe  added  to  each  channel, 
as  shown  dashed. 


Fig  6.  Reference  element  end  one  other  element  in  airborne  radio  cam¬ 
era.  All  signals  phase  locked  by  clutter-derived  reference  wave  obtained 
fiorn  narrowband  Filter. 

IV.  MIXTURE  OF  I  AND  II 

Using  Method  11,  echoes  from  every  range  bin  will 
have  a  suitably  low  amplitude  variance  across  the  array  to 
be  useful  for  adaptive  beamforming.  However,  the  inte¬ 
gration  time  T  -  W'1  may  be  excessive  for  certain  mis¬ 
sions.  In  'nis  case,  a  shorter  integration  time  followed  by 
the  mir.num  echo  amplitude  variance  test  1  may  be  used. 
Let  the  integration  time  T  =  kW~ where  k  is,  say,  1/2 
or  1/3  or  1/4.  Then  the  Doppler-reduced  patch  is  two  or 
three  or  four  times  too  large  to  insure  a  planar  wavefront 
across  the  array  but  is  still  many  times  smaller  than  AA0, 
the  cross  range  dimension  of  the  path  illuminated  by  the 
transmitter.  Although  it  is  not  small  enough  to  insure 
planar  reradiation,  the  likelihood  that  the  radiation  is 
planar  has  materially  increased.  In  other  words,  by  inte¬ 
grating  as  long  as  is  practical,  the  probability  is  maxi¬ 
mized  for  achieving  the  excellent  results  demonstrated 
with  the  first  algorithm. 

V.  MINIMUM  CLUTTER  BANDWIDTH  CRITERION 

Method  II  is  appropriate  when  the  terrain  is  "fro¬ 
zen.”  If  the  scatteren  are  wind  driven  or  if  the  backseat- 
ter  is  from  the  sea  surface,  the  Doppler  shift  associated 
with  each  scattering  center  is  related  not  only  to  its  bear¬ 
ing  angle  from  the  radar,  but  also  the  radial  component  of 
its  motion.  This  smearing  of  the  Doppler  signature  by 
scatterer  motion  effectively  spreads  or  enlarges  the  size  of 
the  clutter  patch  whose  echoes  pass  through  the  Doppler 
filter.  Calculations  show  that  the  Doppler  spread  associ¬ 
ated  with  backscatter  from  the  sea  surface  at  wavelengths 
shorter  than  0.3  m  is  too  great  to  depend  on  Method  U 
(8). 

A  more  complicated  signal  processor  which  accom¬ 
modates  the  additional  Doppler  spread  due  to  scatterer 
motion  is  described  in  this  section.  Conceptually,  an 
adaptive  array  of  the  kind  used  to  solve  adaptive  nulling 
problems  is  introduced.  A  least  meaa  square  (LMS) 
closed  loop  circuit  including  a  band  reject  filter  (BRJF)  is 
designed  to  set  the  complex  weights  of  the  antenna  ele¬ 
ments  in  such  a  fashion  as  to  minimize  the  spectral 
spread  of  the  clutter  echoes  as  they  pass  through  the  fil¬ 
ter.  Provided  that  the  clutter  is  statistically  homogeneous. 
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clutter,  this  condition  is  equivalent  to  firming  a  beam 
with  minimum  beamwidth.  The  technique  is  described 
below. 

Fig.  7  demonstrates  the  relationship  between  spatial 
and  spectral  properties.  Since  scatterers  are  tagged  in  an- 


Fig.  7.  Array  beam  partem  and  clutter  spectrum  After  array  is 
cohered. - :  Before  array  is  cohered. 

gie  by  their  Doppler  shifts,  the  spectral  bandwidth  of 
clutter  echoes  measured  at  the  output  of  the  array  is  mon¬ 
otonic  with  the  beamwidth  of  the  radiation  pattern.  Any 
circuit  that  minimizes  the  bandwidth  of  the  clutter  also 
minimizes  the  array  beamwidth. 


win.  juui  viicun  is  aiiuwii  in  rig.  o.  tms  circuit  is  an 
adaptive  subsystem  for  determining  the  weights.  Follow¬ 
ing  the  ads  •  ■"*  weight  setting,  the  weights  are  frozen 
and  the  band  reject  filters  are  bypassed  by  the  target 
echoes.  The  discussion  below  relates  only  to  the  self- 
cohering  mode  where  inputs  are  sea  clutter  echoes.  The 
outcome  of  the  process  is  a  proper  weighting  vector.  The 
input  vector  XJ  =  (X,.X2,  •  -  -  •  X„)  is  applied  to  a  bank 
of  reject  filters.  The  weighted  sum  K'(r)  is  applied  to  an 
LMS  constrained  subsystem  that  constantly  changes  the 
weighting  vector  W  so  as  to  minimize  the  mean  output 
power  £{|K'(r)|2}  while  maintaining  the  system  gain 
E*„i  |W',|J  constant.1 

The  operation  of  the  system  can  be  understood  by 
considering  the  following.  The  beamforming  direction  is 
determined  by  the  notch  frequency  of  the  band  reject  fil¬ 
ters.  The  system  is  constrained  not  to  shut  itself  off. 
Hence,  in  order  to  minimize  the  output  power  EdY'l2}. 
the  system  must  form  nulls  toward  the  directions  from 
which  signals  are  coming.  Signals  arrive,  however,  from 

‘W,  it  the  compiei  weight  W,,  +)W,,.  X;  i*  phase  shifted  by  ir/2  to 
product  quadratic  components.  Weighting  the  quadrature  components  by 
two  rest  weights  (W., .  W,,)  is  equivalent  to  weighting  X;  by  the  complex 
weight  W,. 
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all  directions  w;  i  *  azimuthal  sector  illuminated  by 
the  transmitter.  l:*e  nulls,  therefore,  are  deployed  in 
those  directions  from  which  the  clutter  power  is  greatest. 
Fig.  9  shows  that  the  clu’  r  wer  passing  through  a 
BRF  is  smallest  for  eclk*  ing  from  the  desired  look 


converges  to  the  desired  solution  in  IV  for  0  <  p  <  2/p 
where  p  is  the  expected  output  power  £{|Y'(/)|J}. 

Fig.  10  shews  the  results  of  one  of  the  simulated  ex¬ 
periments  in  which  an  ideal  BRF.  as  shown  in  Fig  10. 


SICNAL  COM  INC 
0  •  A0  \ 


SIGNAL  C0H1NG 
FROM  DESIRED 
,  DIRECTION  6-0 


Fig.  9  Ideal  band  reject  filter  and  two  echo  spectra  9:  Cluier  coming 
from  desired  direciiun.  |||j  :  Clutter  coming  from  other  direction. 

direction,  and  the  output  power  increases  as  the  angle  of 
arrival  (relative  to  the  desired  look  direction)  increases 
Since  the  clutter  power  passing  through  the  BRF  from  (he 
desired  direction  is  smaller  than  from  any  other  direction, 
no  null  is  placed  in  that  direction.  Thus  the  process  re¬ 
sults  in  the  formation  of  a  main  beam.  A  detailed  analysis 
is  given  in  (8|. 

This  adaptive  beamforming  technique  was  success¬ 
fully  computer-tested  with  simulated  sea  clutter  echoes. 
The  experiments  involved  a  7-«lemem  array  2.9  wave¬ 
lengths  long,  and  a  variety  of  system  parameters.  Uncer¬ 
tainties  in  element  locations  are  accounted  for  by 
assuming  that  initially  the  array  is  weighted  with  random 
complex  weights  HMO),  tV2(0) . W„(0)  which  arc  in¬ 

dependent  of  the  element  positions.  The  outcome  of  the 

self-cohering  process  is  a  set  of  weights  W,,  . 

W,,.  This  set  defines  the  radiation  pattern  of  the  array. 
During  the  synchronization  process,  the  sea  clutter  echoes 
arc  received  by  the  different  array  elements.  Clutter 
echoes  arc  modeled  as  a  sum  of  several  independent 
Gaussian  processes  g,(t),  g2(r),  ....  $*(/),  each  process 
representing  echoes  re  radiated  from  a  different  direction. 
The  processes  have  the  same  spectral  shapes,  but  each  is 
shifted  in  frequency  due  to  its  assumed  direction  of  ar¬ 
rival  (fj  =  2V  cos  0/A).  Coherent  demodulation  at  the 
front  end  is  assumed.  Thus  clutter  echoes  arrive  at  the  dif¬ 
ferent  elements  with  different  phases  due  to  the  different 
geometrical  locations  of  the  elements  and  the  directions 
of  arrival  of  the  different  clutter  components.  The  simu¬ 
lated  inputs  arc  time  samples  of  the  sum  of  the  Gaussian 
processes.  A  gradient  search  technique  based  on  the  Wid- 
row  LMS  algorithm  |8-I0)  is  used  to  find  the  optimum 
weighting  vector  W  which  minimizes  the  mean  output 
power  £{|T'(r)P>  subject  to  a  constant  gain  constraint 
(Z|IV/|J  “  I).  The  process  is  iterative  in  W  as  given  by 
(81: 

W{j+l)  -  WU)  -  jcrO’m'O)  -  (I) 

where  j  represents  the  iteration  number  and  p.  is  a  con¬ 
stant  gain.  It  is  shown  in  (8]  that  the  iterative  process 
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(unit*  of  \/2L)  u*sln9 


-S  -4  -S  -2  -I  0  i  2  S  4  5 


(unit*  of  X / 2 L )  u  •  »in  0 
<b) 

Fig.  10.  Brottbidc  adaptive  beamfomung;  no  noitc  injtcied.  ideal  fil¬ 
tering  aaaumed.  (a)  No  adaptaiion  (inilial  pancm).  (b)  After  70  iterations 

was  used.  Fig.  10(a)  is  the  pattern  associated  with  the  in¬ 
itial  random  weights  W(0).  Fig.  10(b)  is  the  pattern 
achieved  after  70  iterations  of  the  adaptive  process  (I). 
The  3  dB  beamwidth  is  0.9  A /L  and  the  main-beam  gain 
toward  the  desired  look  direction  is  -0.2  dB:  0.76  \/L 
and  0  dB  represent  idea!  coherent  summation.  Similar  re¬ 
sults  were  obtained  with  realistic.  3-pole  band  reject  Fil¬ 
ters. 

Fig.  1 1  shows  the  same  problem  with  noise  added. 
The  upper  Figure  shows  successful  convergence  with  SNR 
10  dB  at  the  input  to  the  BRFs.  The  lower  figure 
shows  significant  gain-loss  and  rising  sidelobes  at  SNR 
-  5  dB,  notwithstanding  a  quadrupling  of  the  allowed 
lime  for  convergence.  In  many  such  simulation  experi¬ 
ments,  10  dB  SNR  was  found  to  be  a  safe  threshold  for 
successful  operation. 

VI.  SUMMARY 

By  distributing  antenna  elements  or  small  subarrays 
throughout  the  skin  of  an  aircraft,  a  large  portion  of  the 
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Fig  II  None  idded  10  »imulMion  of  Fig.  10  (»)  SNR  ■>  10  dB.  (b)  SNR 
-  5  dB. 


airframe  can  act  as  an  electromagnetic  transducer.  The 
basic  problem  associated  with  such  a  design  is  that  uncer¬ 
tainty  in  element  locations  due  to  the  nonrigidness  of  the 
airframe  induces  phase  errors.  Self-cohering  techniques 
are  required  to  compensate  for  those  errors.  Four  such 
techniques  are  presented  in  this  paper.  The  first  technique 
searches  in  range  for  a  good  phase  synchronizing  source. 

It  uses  a  minimum  echo-amplitude  variance  test  to  select  j 

the  "best”  range  bin,  after  which  it  uses  echoes  rera¬ 
diated  from  the  selected  range  bin  in  a  self-cohering  pro¬ 
cess.  This  technique  was  tested  successfully  with  airborne 
radar  data  of  land  clutter  echoes  obtained  from  an  NRL 
experiment.  The  major  advantage  of  this  technique  is  its 
simplicity.  There  is,  however,  an  inherent  problem, 
which  is  the  dependence  on  the  existence  of  targets  of 
opportunity  that  can  act  as  good  phase  synchronizing 
sources.  | 

The  other  techniques  use  Doppler  filtering  to  extract 
the  desired  phase  synchronizing  signal.  They  are  more 
complicated  but  they  do  not  depend  upon  proper  targets 
of  opportunity.  Technique  II  can  adaptively  beamform  on 
echoes  reradiated  from  a  frozen  terrain.  Technique  Ill  is  a 
mixture  of  I  and  11  and  is  also  suitable  for  frozen  terrain. 

The  fourth  algorithm,  which  is  the  most  complicated  one, 
can  operate  upon  wind-dnven  clutter  echoes  such  as  sea 
clutter,  as  well  as  land  clutter  echoes.  This  technique  uses  j 

a  constrained  LMS  algorithm  to  adaptively  adjust  the  ele¬ 
ment  weights  of  the  phased  array  so  as  to  minimize  the 
output  clutter  spectr  il  bandwidth.  Its  validity  is  demon¬ 
strated  through  computer  simulations. 
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Radio  Camera  Experiment  with  Airborne  Radar  Data 
BERNARD  D.  STEINBERG  and  ELI  YAD1N 

Ahrmerr-The  radio  camera  signal  proceaunf  algorithm  for  retrod  trac¬ 
tive  adaptive  beamforming  and  scanning  U  demonstrated  to  work  suc¬ 
cessfully  on  radar  ciuttar  echoes,  The  experiment  wax  conducted  with 
airborne  radar  data  obtained  from  the  Naval  Research  Laboratory. 

A  radio  camera  ia  an  imaging  radar  with  too  large  an  aperture  to  en¬ 
sure  that  the  aperture  ia  mechanically  stable.  Retrodirective  adaptive 
oeamforming  techniques  are  used  to  cohere  or  phase-synchronire  the 
array.  The  receiving  beam,  after  it  is  self-cohered  upon  the  reradiation 
from  some  target  outside  of  the  array,  can  be  scanned  in  angle  by  con¬ 
ventional,  open-loop  phased  array  techniques. 

The  first  experimental  radio  camera  demonstration  of  high  angular 
resolution  imaging  appeared  in  1979  [1] .  In  that  experiment,  a  highly 
distorted,  27-m  array,  consisting  of  100  randomly  located  sample 
points,  self-cohered  on  the  backjcatter  from  a  corner  reflector  at  210 
m.  The  experiment  was  conducted  at  jf-band.  Thirty  meters  mote 
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Fig.  1.  NRL  experimental  equipment. 


Fig.  2.  Compaction  of  pattema  formed  adaptively  (tolld)  and  non- 
adaptively.  Beam  direction  ii  near  ground  track  of  aircraft. 
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distant  wu  •  target  group  consisting  of  two  comer  reflectors.  The 
beunfonning  reflector  tnd  the  target  reflectors  both  were  in  the  near 
field  of  the  array.  In  the  experiment  the  adaptively  formed  beam  was 
refocused  to  the  target  range  and  scanned  in  angle  across  the  target. 
The  resulting  image  wu  indistinguishable  from  the  calculated  response 
of  the  system  when  operating  in  free  space. 

The  experiment  reported  in  this  letter  used  airborne  radar  dais  ob¬ 
tained  from  F.  Staudsher  of  the  Naval  Research  Laboratory.  An  8- 
etement  UHF  phased  array  wu  flown  at  200  knots  at  an  altitude  of 
15  000-20  000  ft  over  the  southeastern  portion  of  the  U.S.  The 
transmitting  pattern  wu  Dolph-Chebyshev-weighted  for  -24  dB  tide- 
lobes.  The  received  radar  echoes  were  separately  recorded  on  each  of 
the  8  channels  in  a  specially  designed,  high  quality  digital  recording 
system.  Demodulation  wu  coherent  and  the  in-phase  and  quadrature 
video  channels  were  recorded  with  10  bit  precision.  A  functional 
sketch  is  shown  in  Fig.  1 . 

One  object  of  the  experiment  wu  to  test  whether  the  radio  camera 
algorithm  would  operate  successfully  upon  ground  clutter.  Since  the 
array  wu  rigid,  its  proper  performance  could  be  predicted  and,  hence, 
compared  to  the  performance  of  the  adaptive  system. 

The  radio  camera  algorithm  used  in  the  experiment  is  described  in 
( 2 1 .  The  algorithm  consists  of  three  ports.  First,  the  variance  of  the 
amplitudes  of  the  group  of  echoes  from  each  range  bin  is  measured. 
The  range  bin  having  the  lowest  echo  variance,  when  normalized  to  the 
sverege  echo  power  in  that  range  bin,  ia  selected  u  the  reference  range 
for  the  system.  Next,  the  processor  either  multiplies  the  complex 
sample  at  each  array  element  from  each  range  trace  by  the  complex 
conjugate  of  the  echo  at  the  reference  range  or,  more  simply,  merely 
phases  rotates  the  received  echoes  by  the  phases  of  the  complex  conju¬ 
gates  of  the  signals  at  the  reference  range.  This  Is  th«  adaptive  part  of 
the  process.  Lastly,  the  processor  applies  linear  phase  weighting  acrou 
the  array  to  electronically  scan  the  adaptively  formed  beam  in  angle. 

The  object  of  the  first  step  is  to  Find  a  target  or  a  clutter  patch  whose 
reradiation  most  closely  approximates  that  of  the  point  source.  The 
object  of  the  second  step  is  to  self-coherc  the  array  upon  that  target. 
The  object  of  the  third  step  is  to  scon  the  beam  in  angle  to  the  left  and 
right  of  that  target. 

The  solid  curve  of  Fig.  2  shows  the  pattern  which  resulted  from  the 
adaptive  process.  As  is  explained  ui  (3 1 .  the  beam  which  ia  formed  by 
the  adaptive  procedure  is  directed  towud  the  dominant  scattering 
center  in  the  illuminated  ground  patch  in  the  range  bun  selected  by  the 
signal  processor  for  adaptive  beamfotming.  Hence,  the  origin  will 
usually  differ  from  the  bearing  of  the  tianamitting  array.  In  this  experi¬ 
ment  the  difference  turned  out  to  be  0.07  rad  or  ■'■0.3  \/L  (A  ■  wave¬ 
length,  L  *  antenna  length).  The  bearing  of  the  transmitting  array  wu 
fixed  at  0.6*  from  the  flight  direction.  The  dashed  curve  shows  the 
receiving  pattern  of  a  uniformly  weighted  8-element  artsy  associated 
with  conventional  nonadaptlve  beamforming  The  origin  of  that  pat¬ 
tern  which  is  the  bearing  of  the  transmitting  array  has  been  shifted  by 
0.07  rad  so  that  the  adaptive  and  nonadaptive  patterns  con  be  com¬ 
pared.  The  results  are  very  similar,  indicating  that  the  adaptive  process 
worked  well  The  smallest  echo  variance  observed  wu  0.0026. 

Satisfactory  results  have  been  obtained  when  the  normalized  echo 
amplitude  variance  is  0.025  or  smaller.  The  largest  echo  variance  ob¬ 
served  wu  0.77.  Adaptive  beamforming  on  such  a  range  bin  it  not 
fruitfuL  On  the  other  hand,  it  is  pouible  to  telf-cohcre  the  array  on 
the  echoes  from  i  low-variance  bln  and  scan  the  adaptively  formed 
beam  at  all  other  ranges.  Fig*  3  is  an  example.  There  the  beam  is  sci  .» 
cohered  at  the  range  bln  used  in  Fig  2  and  then  scanned  at  the  range 
bin  having  the  0.77  variance  (solid  curve).  The  response  of  the  rigid, 
electronically  icsruied  phased  array  Is  shown  dashed.  Again  the  agree¬ 
ment  ia  excellent. 

While  this  experiment  has  shown  that  the  algorithm  wotks  on  ground 
clutter  haring  the  proper  sutiaticai  properties,  it  hu  not  disclosed  the 
frequency  of  occurrence  of  such  clutter  cells.  This  knowledge  Is 
necessary  for  system  design  purposes  but  unfortunately  ia  not  avail¬ 
able  from  the  experiment  because  the  transmitting  beam  of  the  rigid 
array  wu  the  some  width  as  the  receiving  beam  of  the  self-cohered 
enay.  In  contrut,  the  contemplated  airborne  rtuio  camera  designs  use 
a  small,  broad-beam  tranamitter  In  conjunction  with  a  large,  recetve- 
only  self-cohered  aperture  having  a  very  narrow  beamwklth  (4| ,  This 
matter  remalna  to  be  studied. 
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Appendix  C:  Space  Based  Large  Array  Radar 

HIGH  RESOLUTION  SURVEILLANCE  FROM  SPACE  - 

INTRODUCTION 

This  unsolicited  proposal  addresses  the  critical  problem  of  a  high  resolution  ' 

**  \ 

space  surveillance  system,  that  of  making  an  antenna  array  sufficiently  large 

•*-*4 

so  as  to  provide  the  required  resolving  power.  For  example,  a  receiving  array 
in  geosynchronous  orbit  has  to  be  oq  the  order  of  100  km  in  size  to  have  a 
spot  sl2e  on  the  earth  of  40  meters.  Such  a  size  cannot  be  achieved  with  a 
rigid  structure.  The  antenna  array,  therefore,  will  be  Inherently  nonrigid.  It 
may  be  a  flexible  aperture  or  it  may  be  an  aperture  consisting  of  a  very  large 
number  of  separate  platforms,  which  may  or  may  not  be  loosely  tethered.  A  im 

normal  antenna  array,  on  the  ocher  hand,  must  be  quite  rigid,  the  permitted  motions-, 
or  distortions  in  its  surface  being  no  more  than  about  one-tenth  wavelength. 

Thus  the  problem  of  the  essential  nonrlgldlty  of  a  huge  spaceborne  array  large  ^ j 

enough  to  provide  useful  resolving  power  for  surveillance  purposes  is  the  critical 
problem.  Without  a  solution  to  this  problem,  nc  amount  of  sophisticated  designs 

and  light-weight  hardware  will  suffice.  n| 

v 

The  general  problem  of  the  nonrigid  antenna  array  has  been  studied  for 
the  last  ten  years  at  the  Valley  Forge  Research  Center  of  the  University  of 
Pennsylvania,  during  which  time  successful  ground-based  designs  have  been 
made.  During  the  last  three  years,  work  has  been  extended  to  the  airborne 
platform.  Under  Air  Force  Office  of  Scientific  Research  support  (Grant  #78-3688)  . 

a  study  has  been  conducted  to  find  ways  of  designing  a  nonrigid  or  flexible 
array  to  be  as  large  as  the  aircraft  it  is  carried  by.  In  this  work  it  was 
assumed  that  the  array  was  at  least  as  nonrigid  as  the  air  frame  and  the  skin 
of  the  aircraft.  Techniques  were  cteated  for  accomplishing  this  task,  one  such  M 
technique  being  successfully,  demonstrated  on  airborne  radar  ground  clutter 
data  obtained  from  the  Naval  Research  Laboratory. 


The  objective  of  Che  proposed  program  is  Co  study  Che  applicability  of 
these  and  further  advanced  techniques  to  apace  radar. 

The  research  work  done  under  the  AFOSR  grant  was  performed  by  Or.  Eli  Yadin, 
then  a  graduade  student  supervised  by  Professor  Bernard  D.  Steinberg.  Dr.  Yadin 
is  now  with  Interspec  Inc.,  a  Philadelphia  company  located  at  the  edge  of 
the  campus  of  the  University  of  Pennsylvania.  The  proposed  program  is  for  a 
collaborative  effort  by  Professor  Steinberg  and  Dr.  Yadin.  Other  members  of 
the  staffs  of  both  Interspec  and  Valley  Forge  Research  Cancer  will  support 
the  effort,  es  needed. 

BACKGROUND 

The  Valley  Forge  Research  Center  has  developed  procedures  during  the  last 
decade  for  designing  phased  antenna  arrays  with  remarkably  fine  resolving  power. 

Two  such  designs  under  way  for  the  U.S.  Army  are  illustrative.  In  one,  a 
ground  baaed  imaging  radar  is  being  designed  to  provide  one-third  meter  azimuthal 
resolution  at  a  distance  of  four  kilometers.  The  second  is  an  airborne  (helicopter) 
array  designed  to  provide  three-veter  resolving  power  at  a  distance  of  about 
60  kilometers.  Although  the  scales  are  vastly  different  from  what  would  be 
relevant  for  space  radar,  the  techniques  developed  would  be  identical. 

There  ere  several  critical  problems  facing  the  designer  of  a  super-resolution 
system.  The  size  of  the  array  must  be  huge  to  achieve  the  desired  resolving 
power;  yet  array  systems  become  mechanically  unstable  or  nonrlgld  when  they 
exceed  some  limiting  size.  Some  built-in  self-adaptive  controls  are  needed  to 
preserve  the  desired  resolution  and  radiation  pattern  of  the  array. 

A  second  basic  problem  deals  with  cost.  Most  phased  arrays  have  antenna 
elements  that  are  separated  by  one-half  wave  length.  For  an  array  as  largo  as 
that  required  for  surveillance  from  space,  the  number  of  components  and,  therefore, 
the  cost  become  astronomical. 

We  have  developed  solutions  to  both  problems.  We  use  self-cohering, 
adaptive  beamforalng  procedures  for  continuously  self-organizing  the  array 


irrespective  of  deformations  in  its  geometry.  We  have  also  learned  the  rules 
for  drastically  thinning  the  array  so  that  no  more  than  the  order  of  1000  parts 
typically  are  required. 


j 
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While  the  method  is  sufficiently  developed  to  be  applied  to  ground-based 
problems,  as  for  example,  the  tvo  Army  projects  indicated  above,  a  more  basic 
study  is  required  for  exploration  of  the  applicability  of  the  techniques  to 
untended  and  unmaintained  space  vehicles.  This  is  a  proposal  for  such  a  study. 

We  have  carried  our  studies  beyond  the  ground  based  system  stage.  Recently,  ! 
we  have  completed  a  three-year  examination  of  the  applicability  of  the  radio 
camera  (which  is  our  name  for  instruments  based  upon  this  technology)  to  air¬ 
craft,  with  emphasis  upon  designs  for  airborne  early  warning  (AEW)  aircraft. 

CONCEPT 

There  are  many  possible  system  conaepts  that  we  have  contemplated,  one  of 
which  is  sketched  in  Figure  1.  The  extremely  fine  resolution  is  obtained  from 

a  space-borne  array,  which  la  a  distribution  of  microwave  receivers  aboard  a 
large  group  of  geosynchronous  satellites.  The  satellites  are  clustered,  covering 
a  region  the  order  of  10  to  100  kilometers.  They  are  in  radio  contact  with  the 
earth,  which  provides  supervisory  instructions  by  the  uplink  ar.d  which  receives 
the  radar  signals  transmitted  to  the  ground  via  the  down  link.  The  receivers, 
in  geosynchronous  orbit,  detect  echoes  from  the  earth,  which  is  illuminated  by 
a  microwave  transmitter  in  a  low-orbiting  trajectory.  The  transmitter  uses  a  one- 
meter  dish  to  illuminate  the  ground  and  the  sea  surface  underneath  the  orbiting 
satellite.  The  back  radiation  toward  the  receiving,  array  is  used  by  the  receiving 
system  to  adaptively  form  a  high  resolution  beam  in  the  direction  of  the  transmitter 
Thus  the  movement  of  the  transmitter  scans  the  receiving  radiation  pattern. 
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Appendix  D 


6.  FORWARD  LOOKING  SYNTHETIC  APERTURE  RADAR* 

C.  Nelson  Dorny 

A  conventional  synthetic  aperture  radar  is  side  looking.  The  platform 
flies  in  a  carefully  controlled  straight  line  perpendicular  to  the  direc¬ 
tion  in  which  imaging  is  desired.  An  adaptive  be&mforming  scheme  is  pro¬ 
posed  in  [1]  for  loosening  the  tolerance  on  the  flight  path  in  order  to 
obtain  high  resolution  images  with  a  helicopter-borne  synthetic  aperture 
radar  (SAR) . 

There  la  no  theoretical  reason  why  an  arbitrarily  shaped  flight  path 
could  not  be  used  to  form  the  synthetic  aperture  if  the  motion  were  known 
adequately.  Adaptive  techniques  such  as  those  used  in  [1]  may  provide  suf¬ 
ficiently  loose  tolerances  on  flight  path  knowledge  to  permit  considerable 
flexibility  in  the  SAR  flight  path.  This  article  describes  forward-looking 
SAR  concepts  which  may  be  applicable  for  terrain-follower  imaging  at 
microwaves . 

Figure  6.1  shows  the  top  view  of  a  vehicle  flight  path  which  provides  a 
significant  forward-looking  synthetic  aperture.  The  beamwldth  of  the 
forward-looking  SAR  is  2  to  3  orders  of  magnitude  smaller  than  the  beam- 
width  associated  with  the  real  aperture.  The  actual  usable  synthetic  aper¬ 
ture  is  a  function  of  the  vehicle  velocity  and  the  distance  to  the  target 
region.  According  to  Figure  6.2,  if  V  is  the  vehicle  velocity,  T  is  the 
time  permitted  for  cross-range  motion,  and  6  is  the  angle  of  flight  relative 
to  the  target  direction,  then  the  aperture  size  is  D  »  VT  sinO.  Assume  that 
the  cross-range  travel  time  must  be  limited  to  VT  <  0.1R,  where  R  is  the 
range  to  the  target,  in  order  that  the  vehicle  have  time  to  maneuver  before 
it  reaches  the  target.  This  restriction  limits  the  synthetic  aperture 

*This  work  is  principally  supported  by  the  Air  Force  Office  of  Scientific 
Research  under  Grant  No.  AFOSR-78-3688. 

[1]  Earl  N.  Powers,  et  al. ,  "System  Design  Considerations  for  a  High  Resolu¬ 
tion  Airborne  Imaging  Radar,"  Valley  Forge  Research  Center  Quarterly 
Progress  Report  No.  24,  February  1978,  pp.  40-58. 


thereby  loosening  Che  required  tolerances.  According  to  [2,  p.  249]  (see 

Figure  6.3),  the  relationship  between  c  ,  the  cross-range  position  tolerance 

of  the  platform,  and  0  ,  the  maximum  angle  of  scan  from  the  point  of  adap- 

®  \ 

tive  beam  formation,  is  cr  -  .  If  L  is  the  cross-range  dimension  of 

m 

Che  target  region  Co  be  Imaged,  then  6  -  L/2R,  and 

HI 

-  XR/21TL  (2) 

Suppose  L  -  250  m,  X  “  0.03  m  and  R  *  10  km.  Then  •  0.2  m,  a  reasonable 
tolerance  on  relative  position  location  using  an  inercial  platform.  >*• 
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FIGURE  6.3  GEOMETRY  ASSOCIATED  WITH  TARGET  IMAGING. 


If  a  strong  isolated  scatcerer  is  not  available  in  the  neighborhood 
of  the  target,  it  may  be  possible  to  use  range  (time  of  arrival)  and  doppler 
(angle  of  arrival)  to  isolate  the  signal  reflected  from  a  small  clutter 
patch  to  achieve  the  same  purpose.  Another  alternative  is  to  fly  a  weak 
beacon  or  reflector  ahead  of  the  imaging  receiver  for  the. purpose  of  pro¬ 
viding  help  in  beamforming. 

The  amount  of  processing  which  is  required  to  form  synthetic  aperture 
images  by  conventional  means  is  excessive  for  real-time  on-board  process¬ 
ing.  However,  the  data  can  be  thinned  drastically  without  affecting  the 


(2]  Bernard  D.  Steinberg,  Principles  of  Aperture  and  Array  System  Design, 
John  Wiley  and  Sons,  New  York,  1976. 
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bean  properties  significantly  [1] .  The  primary  effect  of  data  thinning 
(thin  spatial  sampling  of  the  target  reflection  across  the  aperture)  is 
an  increase  In  the  sldelobe  level  of  the  synthetic  beam.  Crating  lobes 
are  suppressed  by  randomizing  the  positions  of  the  spatial  samples.  The 
expected  average  sldelobe  pover  level  la  1/N,  where  N  la  the  number  of 
samples  In  the  sampled  aperture.  The  peak  sldelobe  level  should  be  no  more 
than  10  dB  higher  than  the  average  level.  Consequently,  1000  samples  are 
expected  to  provide  a  -30  dB  average  sldelobe  level  and  a  -20  dB  peak 

4ft 

sldelobe  level;  10  samples  will  reduce  both  numbers  by  10  dB.  For  the 
example  described  above  (an  aperture  flight  time  of  3.3  sec  and  an  aperture 
size  D  »  174  m)  the  average  sample  spacing  would  be  3.3  msec  (In  time)  and 
0.174  m  (in  space).  The  average  spatial  spacing  across  the  aperture  is 
5.8  wavelengths,  10  times  the  spacing  of  conventional  SAB  samples. 

Research  areas  relating  to  the  forward-looking  SAR  Include: 

1.  First  order  system  design  and  tolerance  theory  related  to 
specific  applications. 

2.  Development  of  adaptive  focusing  techniques  compatible  with 
the  applications ; 

3.  Development  of  computational  algorlthma  which  are  fast 
enough  for  real-time  imaging; 

4.  Experimental  demonstration  of  the  adaptive  focusing  and 
Imaging  concepts.  In  this  regard  it  may  be  possible  to  make 
nae  of  equipment  that  is  presently  being  developed  at  the 
Valley  Forge  Research  Center  for  demonstration  of  a  helicopter- 
borne  sidelooking  high  resolution  SAR. 

It  should  be  possible  to  extend  the  forward-looking  SAR  to  a  larger, 
multi-platform  SAR.  Figure  6,4  shows  several  "weaving"  vehicles  of  the 
type  described  above.  They  could  be  coordinated  to  form  a  single  forward- 
looking  aperture  which  is  larger  by  an  order  of  magnitude  (using  10  vehicles) 
than  the  aperture  provided  by  one  of  the  vehicles  alone.  Thus,  resolution 
should  be  improved  by  another  order  of  magnitude.  Some  of  the  vehicles 
might  bn  used  only  for  the  purpose  of  enlarging  the  aperture. 

In  the  multi-element  SAR  it  may  be  desirable  to  relay  all  data  to  a 
central  or  c ground  platform  for  image  formation  and  analysis.  The  incer- 


FIGURE  6.4  MULTI-ELEMENT  SYNTHETIC  APERTURE  RADAR. 


element  communication  system  becomes  a  major  concern  because  of  the  need 
for  close  physical  and  electrical  synchronization.  The  total  amount  of 
data  needed  for  imaging  does  rot  rise,  relative  to  the  single  SAR  case, 
however.  If  each  platform  tf.kes  only  100  samples,  then  10  platforms  to¬ 
gether  can  provide  the  1000  samples  needed  to  reduce  the  expected  average 
sidelobe  level  to  -30  dB. 

In  some  applications  the  multi-platform  aperture  may  be  so  large 
relative  to  the  target  range  chat  extreme  near-fleld  focusing  Is  required. 
Thus,  the  very  near  field  properties  of  arrays  must  be  examined.  Figure 
6.5  shows  a  final-approach  configuration  in  which  the  target  lies  within 
the  synthetic  aperture  array.  In  this  example,  the  concept  of  beamwldth 
must  be  changed  to  the  concept  of  focal  region  in  analyzing  the  focusing 
properties  of  the  system. 

C.  Nelson  Dorny 


TARGET 


FIGURE  6.5  TARGET  WITHIN  THE  SYNTHETIC  APERTURE. 
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Radar  Imaging  from  a  Distorted  Array:  The  Radio  Camera  Algorithm 

and  Experiments 


BERNARD  D,  STEINBERG,  fellow,  ieee 


AMuron  -  Hlfli  angular  rtwln tUm  radar  taugiag  nay  b«  acbN««d 
with  •  l«>|i  ayrtwra  aatraaa  nn  V  tlM  rp*rt ara  I*  distort  *d. 
pruvMad  that  adaptiv*  signal  yrattnif  tsnspsasaiM  far  UM  dls- 
tnrtiea.  Th*  radta  canwri  is  ad  InstruMant  daataaad  far  thia  purpot*. 
Ill  algarfcltsss  far  laatht  ground- Ooaod  target*  la  d  mart  had  aad 
aapariia— tai  rtrnlta  art  given  far  a  J  cat  wovoMugUs  ttataaratlai 
fTtttra  aahtf  a  distort  ad  27  ta  raadaat  ipaoa  array.  Th*  laraiartd 
tana  width  of  i  «rnd  aahraad  la  lhaary.  taailralm  (ha  validity  a/ 
:h*  lachaiawa.  Duadaa  of  tha  »l  norite—  la  acre-mod—*  l— A*(rd 
targets  tach  m  aircraft  aad  sttpa  lisa  is  dlsciaaad 

INTRODUCTION 

A  MICROWAVE  *my  may  ba  distorted  (or  many  reasons. 

It  may  ba  too  lain  to  ba  surveyed  property.  It  may  tuffar 
from  wind! oa ding.  Its  installation  may  ba  faulty.  Or  its  distor¬ 
tion  may  ba  electrical  rather  than  geometric:  medium  turbu¬ 
lence  can  causa  tbo  In  tetri  I  of  tha  dielectric  constant  over  a 
path  from  s  source  or  <  tartat  to  tha  array  to  vary  randomly 
with  position  in  ths  array.  Alio,  sitctro magnetic  coupling 
from  tha  antenna  elements  to  tha  local  environment  may  vary 
randomly  with  position  in  tha  array,  ranging  random  errors  in 
tha  driving  point  impedances  of  tha  antenna  elements.  The 
tolerance  on  tha  random  variation  is  about  30*  root-mean- 
square  (rms)  or  somewhat  Isas  than  one-Unth  wavelength  ( i  ] . 

That  a  microwave  array  designed  for  high  angular  resolu¬ 
tion  imaging  is  likely  to  tuffar  from  one  or  more  of  those  dif¬ 
ficulties  u  evidsnt  from  an  examination  of  (1) 

r(u)«  J  t(z)  [Js(u)4^]l>tdu]  dx  (l) 

4 

which  is  tha  simplest  form  of  tha  integral  aquation  relating 
a  source  function  or  scans  r  and  its  Image  or  estimate  1  when 
tha  radiation  (laid  due  to  tha  source  is  measured  by  a  Una  aper¬ 
ture  of  extent  L  having  aperture  weighting  i.  The  source  is 
assumed  to  ba  in  tha  far  field  of  the  aperture,  which  perm  its 
its  description  in  terms  of  the  ona-dimenaional  reduced  angular 
variibli  u  «  sin  9,  9  being  measured  from  &:  normal  to  the 
aperture.  The  aperture  also  is  assumed  to  ba  oae-dlmenasouzl. 
Tha  exponential  kernels  art  Fourier  kernels  and  both  Integrals 
are  Fourier  integrals.  The  inner  integral  is  the  radiation  field 
S  at  the  aperture.' Equation  (1)  can  ba  written  in  terms  of  S: 

r(u)  -  /  dx 

4 

-  ¥{i(x)S(x))  (2) 
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where  F{*}  means  Fourier  transform.  By  the  multiplication- 
convolution  property  of  the  Fourier  transform 

i(u)  ■  F  {/(*)}  •  F  {£(*)} 

«/(u)*i(u)  (3) 

where  the  asterisk  indicates  convolution,  /(u)  is  the  radiation 
or  diffraction  pattern  of  the  aperture.  Since  convolution 
broadens  or  spreads  a  function,  the  closer  that  /(u)  approxi¬ 
mates  a  5-function,  the  better  the  estimate  i(u)  is  of  r(u). 
Since  tha  width  of  f(u)  is  always  the  order  of  \Ji,  it  is  evident 
that  the  larger  the  aperture  size  L  the  more  closely  i  will  be 
represented  by  i.  The  same  conclusion  pertains  to  a  target  or 
scene  in  the  near  field. 

To  achieve  a  resolving  power  of  10~4  to  I0~5  rad,  which  is 
typical  of  common  optical  instruments  such  as  cameras  and 
small  telescopes,  a  microwave  antenna  must  be  hundreds  of 
rae'ors  to  tent  of  kilometers  in  size.  Such  antennas  ve  too 
Urge  to  be  constructed  as  single  structures  such  as  the  para¬ 
bolic  dish.  Instead  tbsy  must  be  phaaad  arrays.  They  must  be 
highly  thinned  (mean  interelement  spicing  >  X/2)  to  limit 
coat,  and  ths  element  distribution  must  be  aperiodic  to  elimi¬ 
nate  grating  lobes  [11.  It  is  most  likely  that  the  large  size  will 
preclude  accurate  knowledge  of  element  location;  hence,  the 
trray  properties  will  tend  to  degenerate  to  those  of  the  ran¬ 
dom  array  and  tha  system  design  must  accomodate  the  poor 
sideiobe  performance  expected  from  such  an  array  [21.  As  a 
consequence,  array  distortion  is  a  highly  likely  property  of  a 
huge  array  designed  for  microwave  imaging.  Howaver  its  ef¬ 
fect  on  be  neutralized  to  a  considerable  extent  by  introducing 
adaptively  controlled  phase  corrections  within  the  system 
based  upon  measurements  at  the  array  of  the  radiation  field 
from  a  point  source  [31.  [4],  Adaptive  retrodirective  beam- 
forming  techniques  than  focus  the  distorted  array  upon  the 
sourca  [3),  [6,  ch.  3). 

The  piper  describee  an  algorithm  for  phase  synchronizing 
or  self-cohering  a  distorted  array  upon  such  a  source,  moving 
tit;  focuaad  beam  in  range  and  angle  to  a  target  area,  and  scan¬ 
ning  it  across  uic  tsiwet  to  image  it.  An  Instrument  embodying 
this  procedure  is  called  a  radio  earner*-  Experimental  evidence 
of  the  validity  of  the  technique  is  given.  The  experiment; 
conducted  with  an  -T-band  (X  ■  3  cm)  radar,  using  a  distorted 
quasi-Unear  random  antenna  array  27-m  long. 

THE  RADIO  CAMERA 

Fig.  1  shows  *  badly  distorted  receiving  array  and  a  point 
source  of  radiation  in  its  near  field.  It  also  shows  a  pulsed 
transmitter.  The  near-fleid  source  may  be  active,  such  as  a 
beacon,  or  passive,  such  as  a  large  cross-section  reflector 
echoing  the  radiation  from  the  transmitter.  This  source  or 
reflector  is  called  the  adaptive  beam  former;  it  also  is  called 
the  phase  synchronizer.  The  array  is  shown  measuring  the 
phase  of  the  signal  received  at  each  element  relative  to  the 
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Fig.  1.  Distorted  (my  leif-coheres  on  phase  ryndmmizi&t  K>urca. 


phase  some  reference  element  within  the  array.  In  the 
absence  of  multipath  the  phase  P*  of  the  received  signal  at 
the  nth  element  it  (urK/en)  +  where  os  is  the  radiation 
frequency.  r„  ia  the  path  lenfth,  c„  is  the  average  speed  of 
propagation  over  the  path,  and  f*  is  the  phase  ahift  due  to 
electromagnetic  coupling  of  the  element  to  its  environment  as 
well  as  through  the  receiving  element  usd  associated  circuits, 
may  be  rewritten  as 


Pm 


Cd('0,f  +  &'*) 
CO  +*«e 


(4) 


to  explicitly  show  the  displacement  ir„  of  the  element  ia  the 
direction  toward  the  adaptive  beam  former  from  its  correct 
distance  r0„,  and  the  deviation  5c„  of  the  mean  propagation 
speed  over  the  nth  path  from  the  average  speed  Co  in  the 
medium.  Since  5c„  <c0l 


hr«n3cn 

1  A'ae  +  - +•  {*. 

Co 


*•—  (3) 

«o 


The  phase  differences  from  element  to  element  are  seen  lo 
nav«  four  components.  The  primary  component  kr9n  is  due  to 
source  location  relative  to  the  unuUtartsd  array  and  ia  the 
same  aa  in  any  phased  array.  The  residuals  are  due  to  the  dis- 
torted  geometry  of  the  array,  to  variations  in  propagation  con¬ 
ditions  from  the  source  to  different  parts  of  the  array  due  to 
iu  large  size,  and  to  variations  in  the  phase  shifts  through  the 
elements  and  ia  electromagnetic  coupling  between  them  and 
their  suiroundinp.  By  phase  shifting  each  receiver  channel  by 
the  negative  of  these  phase  differences,  all  signals  from  the 
adaptive  beam  former  become  cophased.  The  output,  follow¬ 
ing  summation,  ia  that  of  an  array  focused  upon  the  beam- 
forming  source.  The  spot  size  of  the  focal  zone  Ji  the  near 
field,  calculated  from  diffraction  theory,  ia  shown  in  the  figure. 
It  is  nominally  \A/L  in  the  cross-range  dimension  and  7 \{R/L  )* 
in  range.  tyL  ia  the  beamwidth  of  a  focused  diffraction-limited 


aperture  of  length  L;  it  also  is  the  beamwidth  of  the  distorted 
array  following  the  adaptive  beam-forming  procedure.  7 \(R/L)* 
ia  the  approximate  value  of  the  3  dB  range  beamwidth  due  to 
the  limited  depth  of  field  of  an  aperture  focused  on  a  near-field 
target  [  1 ) .  \R/L  also  is  the  far-field  cross-range  dimension. 

%  Also  shown  schematically  in  the  figure  ia  a  second  set  of 
phase  shifters  located  prior  to  the  summer.  Unlike  the  fust 
plus#  shifting  operation,  the  second  operation  is  open  loop 
and  nonadaptive.  After  the  array  ia  phase  synchronized  the 
focused  beam  is  scanned  in  range  and  angle  by  open -loop 
corrections  calculated  from  the  geometry.  The  calculations 
are  made  exactly  u  in  t  conventional  phased  array.  Outing 
near-fleld  scanning  the  spot  size  and  shape  remain  aa  indicated 
in  the  figure.  In  the  very  near  field  the  resolution  of  the  two- 
dimensional  image  that  results  from  the  scanning  operation 
is  about  equal  to  the  spot  size.  When  the  target  is  in  the  far 
field  of  the  targe  array  the  depth  of  Held  becomes  infinite  and 
the  resolution  in  range  is  determined  by  the  pulse  duration  of 
the  transmitter.  Ac  intermediate  distances  the  range  resolution 
is  the  smaller  of  the  depth  of  field  and  the  radar  pulse  length. 

Both  phase  shift  operations  can  be  analog  or  digital.  The 
phase4ocfc  loop  la  the  natural  analog  circuit  for  adaptive  beam 
forming.  The  experimental  equipment  described  later  uses 
digital  phase  shifting.  Fig.  2  shows  the  procedure  more  explic- 
ity.  A  transmitted  pulse  illuminates  both  a  target  area  to  be 
imaged  and  a  passive  phase  synchronizing  target,  which  is 
sketched  as  a  comer  reflector.  The  echo  trace  consists  of 
their  echoes  plus  clutter.  The  signals  received  at  the  several 
antsnni  elements  are  sampled  in  range  and  stored  in  the 
format  shown.  The  range  trace  delivered  by  each  antenna 
element  ia  stored  aa  a  row  of  complex  numbers.  Successive  rows 
correspond  to  successive  elements  in  the  array.  The  position  of  a 
sample  in  a  row  is  proportional  to  range  and  designates  the 
range  bin.  The  position  of  a  sample  in  a  column  designates  the 
array  element  number  and  is  monotonic  with  but  not  neces¬ 
sarily  proportional  to  element  position  since  the  array  is  dis¬ 
torted. 

For  simplicity  it  is  assumed  that  k*  —  'm  |  *4  Af?,  ail  n, 
m,  where  &R  is  the  length  of  a  range  ceil.  Thus  aJI  echoes  from 
a  common  target  will  appear  in  a  single  range  bin  in  the  format 
shown  in  Fig.  2.  Actually,  target  echoes  can  appear  in  dif- 
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ferent  range  bins  for  two  reasons.  Tbs  first  is  due  to  the  Urge 
jus  of  the  srray,  for  when  L  tin  9  >  AR,  ths  differential  ar- 
rival  time  from  a  source  al  angle  9  exceeds  the  pulse  length. 
This  effect  is  easily  calculated  and  therefore  may  be  corrected 
in  the  signal  processor.  The  second  cause  is  any  distortion  in 
the  direction  toward  the  source.  Most  arrays  designed  to  be 
linear  or  planar  systems  will  not  suffer  distortion  so  severe  as 
to  war  ant  range-bin  correction,  yet  will  still  require  adaptive 
phase  correction  if  the  unknown  a  priori  geometric  distortion 
exceeds  a  small  fraction  of  a  wavelength.  Large  irregular 
arrays  having  deviations  from  planarity  comparabla  to  or  ex¬ 
ceeding  AR  also  will  require  range-bin  correction. 

Assuming  (hit  range-bin  correction,  if  needed,  has  been 
accomplished,  three  distinct  additional  operationa  upon  the 
stared  data  are  required  for  imaging.  These  constitute  the 
algorithm  and  are  given  in  separate  sections  below.  Two  are 
the  beam  forming  and  scanning  operations  discussed  earlier. 
The  third,  which  precedes  these  two,  is  the  search  procedure 
for  the  phase  synchronizing  source. 

REFERENCE  SIGNAL 

The  first  operation  of  the  signal  procassor  following  data 
sampling  and  storage  is  s  search  in  range  for  a  good  phase 
synchronizing  source,  i.e.,  for  thst  echo  sequence  across  the 
array  that  most  closely  approximates  the  expected  field  from 
t  point  source.  Thst  range  is  designated  R0  and  is  the  refer¬ 
ence  range,  i.e.,  the  range  from  which  the  phaae  synchronizing 
refsranca  signal  is  obtained.  The  radiation  field  from  a  point 
source  in  free  space  would  be  nearly  constant  in  amplitude 
across  the  array,  while  the  phase  differences  would  disclose  the 
differenctsl  distances  (modulo  wavelength)  to  the  source  u 
well  as  the  differential  phase  shifts  through  the  receiving  ele¬ 
ments.  A  simple  test  to  find  thst  target  whose  radiation  Held 
most  closely  appro ximstes  that  of  s  point  source  Is  to  measure 
the  normalized  echo  amplitude  variance  at  each  range.  R0  is 
that  rtnge  for  which  the  test  value  is  minimum. 

Fig.  3  shows  typical  echo  amplitude  sequences  measured 
across  t  large  array.  One  is  from  a  comer  reflector  and  the 
other  from  a  pick-up  truck  with  camper  top,  which  is  i  com¬ 
plicated  target.  The  array  was  r  100  sample  point,  distorted 
aperture  27  m  in  length  operating  at  3-cm  wavelength  (3] .  The 
comer  reflector  is  the  ideal  adaptive  beam  former,  yet  the 
echo  amplitude  pattern  is  not  constant  with  element  position. 


There  are  four  contributing  factors  to  the  general  variation 
of  echo  amplitude  with  element  position.  The  first  is  due  to 
the  size  of  the  reflector  or  source.  The  second  is  due  to  multi- 
path.  The  third  is  due  to  clutter.  The  fourth  is  due  to  the 
radiation  pattern  of  the  antenna  element  used  in  the  array. 

A  reflector  of  size  T  reradiates  a  lobular  pattern  in  which 
the  nominal  lobe  spacing  is  X/T  rad  (Fig.  4,  left).  The  nominal 
lobe  spacing  at  the  array,  which  is  at  a  distance  R ,  is  \R/T,  and 
the  echo  sequence  across  the  array  would  be  expected  to  have 
a  spatial  pc-iod  of  this  value.  If  \R/T  £  i  a  low  spatial  fre¬ 
quency  or  long  period  amplitude  modulation  would  be  evident 
in  the  measured  data.  Such  a  long  period  spatial  modulation 
appears  in  the  comer  reflector  echo  sequence  in  Fig.  3  (al¬ 
though  the  cause  is  not  due  to  the  size  of  the  reflector  but  to 
the  radiation  pattern  of  the  antenna  element,  which  is  discus¬ 
sed  later). 

The  high  spatial  frequencies  or  short  period  fluctuations 
seen  in  the  corner  reflector  echo  sequence  in  Fig.  3  are  due  to 
clutter  (Fig.  4,  middle).  The  transmitter  beamwidth  is  broad 
compared  to  the  high  resolution  receiver  beamwidth; the  beam- 
width  &B  a  X/a,  where  a  is  the  size  of  the  radiating  antenna. 
The  clutter  patch  illuminated  by  the  transmitter  at  distance 
R  is  RAO  *  RXja.  The  lobes  of  the  back  scattered  radiation 
have  a  nominal  spacing  X/(RX«)  »  a/R,  and  the  nominal  cross 
section  at  the  array  is  equal  to  R(a/R)  *  a.  This  last  expres¬ 
sion  means  that  the  correlation  distance  of  the  spatial  ampli¬ 
tude  modulation  due  to  the  clutter  equals  the  size  of  the 
transmitting  antennr,  which,  in  this  experiment,  was  less  than 
the  avenge  interelement  distance.  Since  the  transmitting  an¬ 
tenna  is  small  compared  to  the  large  receiving  array,  the  clut¬ 
ter  modulation  always  will  appear,  as  in  Fig.  3,  as  a  high  spatial 
frequency  or  short  period  fluctuation. 

The  effect  of  multipath  is  similar.  Let  &  be  the  angular 
separation  at  the  array  between  the  direct  amval  and  the 
multipath  signal.  The  complex  amplitude  of  the  received  signal 
along  the  array  (x  coordinate)  has  the  form  1  +  a  exp  (;kx(7) 
when  a  is  the  reflection  coefficient  of  the  multipath  scatterer 
and  k  m  2ff/X  is  the  wavenumber.  The  period  of  the  amplitude 
modulation  of  the  sum  of  the  two  signals  is  X/j3.  Rarely  is  S  > 
AB\  therefore,  multipath  in  general  will  introduce  a  lower  spa¬ 
tial  frequency  into  the  echo  sequence  across  the  array. 

The  fourth  contributing  factor  to  the  nonconstancy  of  the 
reference  echo  sequence  is  the  radiation  pattern  of  the  receiv¬ 
ing  element  used  in  the  array.  Fig  3  pictures  four  array  ele¬ 
ments  each  of  length  d  in  an  array  of  length  L.  The  beamwidth 
of  an  element  pattern  is  X/rf  and  its  cross  section  at  the  beam- 
forming  u/get  is  XR/d.  The  figure  illustrate*  that  when  L  > 
XA/d  the  element  gain  to  the  target  vanes  with  element  posi¬ 
tion  in  the  array. 

The  echo  varitree  calculation  should  be  based  upon  the 
lint,  second,  and  third  factors,  which  measure  the  quality  of 
the  radiation  field  for  adaptive  beam  forming,  but  not  the 
fourth  factor,  in  which  the  measuring  instrument  induces  a 
variation.  The  effect  of  the  latter  is  minimized  by  dividing 
the  echo  amplitude  from  the  ith  range  bus  received  by  the 
nth  element,  by  the  estimated  element  pattern  gain  /„  from 
the  nth  element  to  the  target.  (A  single  subscript  suffices  for 
the  element  pattern  gain  unless  the  target  i  :n  near  field  of  the 
element,  which  ia^unlikeiy.)  The  corrected  tmplitude  is  A  tn  * 
V inli >*•  Its  mean  A/  ■  (1/A0  Z^m)Aln  and  mean  square  A  *  • 
(l/AO  are  calculated,  where  S  is  the  number  of 

antennajlements.  Its  variance  a, 1  ■  At)1  » 

A?  —  A  |V  d/3  is  normalized  to  Af  to  remove  the  effect  of 
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ADAPTIVE  BEAM  FORMINC 

Tibie  I  shows  ail  the  steps  in  the  procedure.  Step  1  initiates 
the  process.  Vt„  exp  “  the  complex  envelope  of  the 

echo  from  the  ith  range  bin  received  by  the  nth  element.  Steps 
2  and  3  are  the  search  for  R0  discussed  above.  Step  4  is  the 
adaptive  beam-forming  step.  The  measured  phases  <ku,  can  be 
broken  into  the  sum  of  two  terms  +  W|„"  The  first  term 
contains  the  conventional  target  and  uny  geometry  and  is 
ail  that  would  be  expected  in  the  absence  of  array  distortion, 
medium  turbulence,  multipath,  and  scattering.  The  second 
term  represents  the  errors  which  the  phase  synchronization 
process  must  overcome.  In  the  absence  of  such  errors  the 
imige  of  the  target  or  clutter  from  the  ith  range  element 
would  be  obtained  from  the  integral  of  the  phase- weighted 
signals  received  across  the  array  from  the  ith  range  bin.  As  in 
any  phased  array  the  phase  weighting  is  the  conjugate  of  the 
kernel  of  the  diffraction  integral.  For  ease  of  discussion  the 
diffraction  integral  can  be  approximated  by  the  Fresnel  in¬ 
tegral,  which  reduces  to  the  Fourier  integral  when  the  target  is 
in  the  far  field.  That  integral  in  turn  is  best  represented  by  a 
sum  as  in  (6)  because  the  array  is  discrete.  The  sum 
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Fig.  i.  Element  pattern  also  contributes  to  amplitude  variation. 

'target  strength  and  range  from  the  calculations.  The  normal¬ 
ized  variance  is  1  -  A^/Ai  which  is  a  minimum  at  that 
range  element  for  which  A 1/A^  is  the  largest  value.  The  rule 
for  finding  R0,  then,  is  to  calculate  4,J/V  for  range  ele¬ 
ments  and  search  for  the  largest  value.  The  signal  sequence 
from  that  range  bin  becomes  the  reference  signal. 


is  the  image  of  the  scattering  sources  in  the  ith  range  bin 
provided  that  <r"  “  0.  Ai  in  (l),  u  *  sin  6  and  8  a  scan  angle 
from  the  normal  to  the  array  The  discrete  variables  t„  and  Rt 
are,  respectively,  the  x  coordinate  in  the  array  (transverse  to 
the  array  normal)  of  the  nth  element  and  the  distance  to  the 
Ith  range  bin.  Although  it{u)  is  written  as  a  one-dimensional 
image  (in  the  reduced  angular  variable  u)  of  the  echoes  from 
the  /th  bin,  it  is,  in  reality,  a  two-dimensional  image  in  a  and  R 
when  the  targets  are  in  the  near  field  of  the  array.  Properties 
of  the  two-dimensional  image  are  described  in  ( I  2] . 

The  function  of  the  adaptive  processor  is  to  compensate  for 
<bi„"  so  that  the  operation  described  by  (6)  may  be  accom¬ 
plished.  In  the  earlier  steps  of  tne  process  the  data  were  searched 
to  find  the  range  bin  in  which  the  echo  amplitude  across  the 
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array  had  the  smallest  variation.  That  rang*  bin  became  the 
reference  range  and  the  signal  from  that  range  bin  became  the 
synchronizing  signal.  Us  complex  envelope  following  normal¬ 
ization  to  /  is  A 0h  exp  Oii'on)  where  the  amplitudes  are  all 
nearly  the  same.  The  phases  of  the  echoes  are  random,  how¬ 
ever.  due  to  the  perturbed  geometry  of  the  array  or  the  spatial 
variations  of  the  refractive  index  or  the  impedance  variations 
from  element  to  element  of  any  combination  of  these  factors. 
If  the  reference  source  were  an  ideal  source  the  phase  dif¬ 
ferences  would  be  due  entirely  to  them.  In  addition  the 
phases  are  perturbed  by  multipath  and  scattering  and  by  the 
finite  lobe  width  of  the  rcradiition  from  the  synchronizing 
source.  However,  because  it  is  generally  impossible  for  the  sys¬ 
tem  designer  to  obtain  a  priori  information  about  these  latter 
conditions,  the  signal  processor  must  necessarily  ignore  them. 

The  fourth  step  in  the  process  is  to  compensate  for  the 
phase  variations,  which  are  assumed  to  be  due  to  the  first  set 
of  factors.  Correction  is  accomplished  by  phase  rotating  the 
complex  envelopes  of  the  signals  from  Rq  received  by  the  dif¬ 
ferent  array  elements.  The  proper  phase  shift  for  the  nth  ele¬ 
ment  is  the  negative  of  the  phase  difference  “  '{'on  ~ 

i^oo  •  The  complex  signal  envelope  at  the  nth  element  becomes 
A0n  «*P  «*P  l“/(^0n  “  ^00)1  *  A  «*P  </♦  00>-  This 

correction,  or  phase  conjugation,  is  exactly  what  a  phased 
array  or  lens  would  do  when  focusing  upon  the  reference 
source.  The  output  signal  from  the  array  when  it  is  so  focused 
is  the  sum  of  these  phase-corrected  echoes  from  R0. 

SCANNING 

The  fifth  step  (performed  simultaneously  with  Step  4)  is 
to  phase  route  all  the  signal  samples  from  etch  antenna  ele¬ 
ment  by  Vo n  —  ^oo-  The  samples  of  the  complex  envelope 
from  the  fth  range  bin  now  become  Atn  exp  [y(^r„  —  ^o«  + 
S^ooll-  The  sum  of  such  s  set  of  complex  umples  represents 
the  output  of  a  misfocused  phased  array  or  lens  since  <litn  * 
except  at  the  range  R  j  of  the  reference  reflector. 

The  sixth  step  ia  to  focus  the  array  at  all  ranges  simulta¬ 
neously.  This  task  is  accomplished  for  an  arbitrary  range  Ri  by 
refocusing  the  array  from  the  reference  range  R o  to  R /.  The 


phase  correction  is  approximately  quadratic,  as  given  by  (6). 
Assuming  that  the  earlier  steps  were  performed  properly,  the 
self-cohering  process  forced  the  quadratic  component  of  the 
phase  shift  of  the  signal  in  the  nth  channel  to  become  — fcx„2/ 

2 fif  +  k*„J/LR0.  To  focus  the  array  to  range  Rt  this  term 
must  be  set  to  zero,  which  requires  a  further  phase  addition  of 
(kx„2l2)(\/Ri  —  l/*0)  This  step  requires  a  knowledge  of  the 
range  R 0  of  the  reference  reflector.  Fortunately,  the  value  of 
Rq  is  available  in  the  system  for  it  is  measured,  as  in  conven¬ 
tional  radar,  by  the  round-trip  travel  time  of  the  pulse  to  the 
phase  synchronizing  source  and  it  is  read  directly  into  the 
signal  processor  from  the  radar  receiver.  The  accuracy  of  meas¬ 
urement  is  determined  by  the  range  resolution  of  the  system, 
which  is  the  order  of  the  reciprocal  of  the  signal  bandwidth 
(in  distance  umu),  or  the  near-field  range  beamwidth,  which¬ 
ever  is  smaller. 

Step  7  imparts  a  linear  phase  rotation  to  the  range-focused 
complex  envelope  (designated  Bin  in  Table  I)  for  each  scan 
angle  u.  The  phase  shift  is  —kjc„u. 

The  last  step  forms  the  sum  of  the  linearly  phase-weighted, 
range-focused  samples  to  obtain  the  image  J/(u)  for  the  ith 
range  bin: 

(T) 

n*  I 

ELEMF NT  POSITION  TOLERANCE 

Steps  3,  4,  and  S  require  no  knowledge  whatsoever  of 
element  position.  The  phese  synchronization  process  is  purely 
retrodirective.  Steps  6  (refocusing  in  range)  and  7  (scanning  in 
angle)  do  require  coordinate  information.  The  tolerances  on 
element  position  error  h?.vo  been  worked  out  l").  |8),  [1, 
ch.  |3|.  The  most  stringent  tolerance  is  invoked  b\  Step  7. 
Briefly,  the  theory  consists  of  the  following  pointt.  First,  the 
loss  in  main-lobe  gain,  in  decibels,  due  to  all  the  random  phase 
errors  across  the  array  is  i2C  fc  4  3o0i  where  is  the  vari¬ 
ance  of  the  phase  errors  in  square  radians.  Second,  the  phase 
variance  due  to  random  position  errors  is  approximately  0o 2  at 
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k2axi8i  when  ts,1  is  the  position  error  variance  in  the  array 
to  the  direction  perpendicular  to  the  beam-forming  direction 
and  8  (nd)  is  the  scan  angle  measured  from  the  direction  of 
beam-forming.  Combining  these  expressions,  and  allowing 
1-dB  lots  in  array  gain  as  an  acceptable  gain-loss  tolerance, 
the  rms  element  tolerance  becomes  ax  a  (X/dirJBn,,,- 1 . 

The  factor  X/4i r  is  the  conventional  tolerance  in  phased 
array,  mirror,  or  lens  design.  3m)X  is  the  maximum  scan  angle 
from  the  direction  of  the  reference  source  and  is  half  the  field 
of  view.  Since  an  individual  radar  target  always  subtends  a 
very  smell  angle  at  the  radar,  9  <  1  and  the  allowed 

element  position  error  is  exceedingly  large.  For  example,  if 
the  system  were  designed  to  image  a  target  is  Urn  (in  angle) 
as  the  mood,  8mt%  would  be  approximately  10"*  rad; in  this 
ease  the  position  accuracy  tolerance  increases  by  two  orders 
of  magnitude  to  about  10X.  It  is  precisely  this  extraordinary 
liberty  in  position  tolerance,  adaptive  phue  tynchon- 

nation,  that  permits  radio  camera  imaging  with  a  nonngid 
or  ill-surveyed  array. 

EXPERIMENTS 

Fig  6  shows  the  result  of  an  T-baad  radio  camera  imaging 
experiment  using  a  low  power  (S  W)  radar  transmitter  and  a 
comet  reflector  for  the  phase  synchronizer.  The  size  of  the  re¬ 
flector  was  0.46  m  and  its  radar  cross-section  was  calculated  to 
be  56  m2.  The  estimated  clutter  cross-section  was  2  m1.  The 
receiving  array  was  the  one  used  in  the  experiment  for  Fig  3; 
it  was  27-m  long  and  1.2-m  wide.  The  100  element  positions 
were  randomly  located  within  it.  Uniform  probability  density 
functions  of  element  position  were  chosen  for  both  the  length 
and  width  dimensions  of  the  array.  The  experiment  was  con¬ 
ducted  on  a  time-shared  basis  in  which  a  single  radar  receiver 
was  successively  moved  from  position  to  position,  delivering  a 
radar  echo  trace  to  a  microprocessor  from  each  receiver  posi¬ 
tion,  after  which  the  opera  none  described  earlier  were  per¬ 
formed.  The  image  is  one-dimensional  deflection  modulated. 
The  target  consisted  of  two  additional  reflectors,  each  0.6  i  m, 
drawn  to  scale  below  the  image.  The  target  was  240  m  from 
the  an  y  and  subtended  an  angle  of  14  mrad.  The  reference  re¬ 
flects  was  41  m  closer.  Drawn  also  in  Fig  6  is  the  calculated 
response  of  the  array  in  free  space  had  it  telfurzaniztd  per¬ 
fectly  It  is  evident  that  the  expenment  was  exceedingly  suc¬ 
cessful. 

The  theoretical  beamwidth  for  this  experiment,  based  upon 
diffraction  theory,  was  Q.t8\JL  cos  8.  The  coefficient  cor¬ 
responds  to  the  particular  probability  density  function  of  ele¬ 
ment  location  used  (1).  8,  the  target  angle  from  the  array 
normal,  was  25°.  Thu  expression  evaluates  to  i.l  mrad, 
which  is  indistinguishable  from  the  measured  beamwidth. 

Fig  7  is  the  image  of  the  same  reflectors  when  the  equip¬ 
ment  w as  operated  in  the  synthetic  aperture  mode  (9) :  the 
low  power  transmitter  and  receiver  both  were  moved  from 
position  to  position  for  each  radar  transmission  and  reception. 
(The  experimental  letup  and  procedure  were  illustrated  and 
described  in  (31 .)  Because  of  the  doubling  of  the  wavenumber 
due  to  the  synthetic  aperture  operation,  the  beam  cross-sec¬ 
tion  in  Fig  7  is  halved.  Again,  the  comparison  with  the  cal¬ 
culated  free  space  response  is  excellent.  The  separation  of  the 
comer  reflectors  was  increased  to  16  mrad  in  this  experiment. 

In  both  experiments  the  sidelobe  properties  conform  to 
the  theory  of  the  random  array  ( I  ] ,  (2! ,  which  predicts  chat 
the  contribution  to  the  average  sidelobe  power  level  is  <V~ 1 
times  the  main-lobe  power  response  of  a  target.  Thus,  the 
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Fig  6.  One-dimensional  image  of  two  comer-reflector  urgtu  using 
another  comer  reflector  for  adaptive  beam  forming  Theoretical 
response  in  free  space  shown  for  companion. 

theoretical  average  sidelobe  level  for  the  two  nearly  equal 
strength  targeu  in  Fip.  6  and  7  is  -17  dB;  the  measured 
levels  are  within  a  few  tenths  of  a  decibel  of  this  value. 

ISOLATED  TARCET 

The  situation  is  somewhat  different  for  an  isolated  target 
such  as  an  aircraft  or  a  ship  in  which  the  reference  source  is 
on  the  target.  One  difference  is  that  no  range  refocusing 
(Step  6  of  Table  1)  is  required  since  the  size  of  the  aircraft 
usually  will  be  small  compared  to  the  depth  of  field  of  the 
array.  A  more  significant  difference  lies  in  the  fact  that  target 
echoes  are  used  both  for  adaptive  phase  synchronization  as 
well  as  for  imaging  The  requirements  upon  the  echo  charac¬ 
teristics  are  opposed  for  these  two  processes.  Phase  synchroni¬ 
zation  requires  a  dominant  point  source,  whereas  the  objective 
of  picture  taking  is  to  reproduce  me  angular  backscatter  pro¬ 
file  of  a  complicated  target  so  that  the  target  may  be  classified 
or  characterized. 

The  conflict  resolves  itself  when  the  target  is  moving  rela¬ 
tive  to  the  observer.  Fig.  8  shows  an  aircraft  at  distance  R 
with  its  velocity  vector  V  making  an  angle  a  with  the  direction 
to  the  array.  The  aspect  angle  a  changes  with  time  at  the  rate 
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Fig.  10.  Histogram  i  of  aircraft  echo  sequences. 
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awtiu  the  next  synchronizing  interval  to  repeat  the  process. 
The  cycle  time  is  the  order  of  one  second.  During  several  such 
seconds  the  aircraft  has  moved  and  routed  insignificantly 
insofar  as  the  observer  is  concerned,  but  has  altered  its  orienta* 
don  sufficiently  to  cause  successive  images  to  be  statistically 
independent.  Hence,  the  logical  next  step  is  to  form  “multiple 
exposures.”  Le.,  sums  of  intensities  of  several  successive 
images.  Doing  vs  builds  up  the  information  content  in  the 
image  and  fills  in  the  speckles  or  glint  resulting  from  the 
narrow-bend  (near  monochromatic)  radiation.  In  addition,  it 
reduces  the  sidelobe  peaks  of  the  random  array  by  several 
decibels  [  1 1 . 

An  experiment  has  been  conducted  to  measure  highlight 
dwell  times  and  the  percentages  or  time  that  aircraft  targets  are 
in  the  so-called  '‘synchronizing'  and  “imaging''  modes  (I0|. 
The  basis  for  the  measurement  is  the  expected  change  in  the 
probability  density  function  (pdf)  of  the  echo  amplitude  when  a 
highlight  occurs.  Without  it  (he  echo  is  the  vector  sum  of  a 
Urge  number  of  small,  randomly  phased  echoes.  The  sum  is 
a  two-dimensional,  zero  mean,  random  Gausaian  variate,  the 
amplitude  of  which  is  Rayleigh  distributed,  i.e.,  if  A  is  the 
echo  amplitude  and  2a2  is  its  mean  square  value,  the  pdf  of 
A  is  /(A)  »  ( A/a3)«xp  (— A1 /2a1).  When  a  strong  scatterer  of 
strength  40  is  added,  the  pdf  changes  to  tha  Ricean  distribu¬ 
tion  /(A)  •  (A/a1)  exp  (-( A 1  +  A01)/2a1}Ia(AAo/<t1), 
where  70  is  the  modified  Bessel  function  of  the  first  kind  and 
zeroth  order.  f{A)  reduces  to  the  Rayleigh  pdf  when  ,40  ■  0 

(ID; 

The  experiment  was  designed  to  gather  simple  statistics  on 
the  short-time  pdf  of  radar  echoes  from  aircraft.  The  radar  was 
an  4-band  AN/TPS-1D.  It  is  located  at  the  Valley  Forge  Re¬ 
search  Center  of  the  Moore  School  of  Electrical  Engineering, 
University  of  Pennsylvania,  at  Valley  Forge,  Pennsylvania,  40- 
km  west  of  Philadelphia.  Commercial  aircraft  flying  in  the 
Philadelphia-New  York-Scranton  triangle  were  observed  and 
tracked.  Distances  varied  from  IS  to  100  km.  Echo  sequences 
of  varying  numbers  of  pulses  were  sorted  by  amplitude  in  real 
time  in  a  histogram  generator  and  the  nature  of  the  pdf  was 
judged  to  be  Rayleigh,  Ricean,  or  nondescript. 

The  results  are  shown  in  the  tables  for  broadside,  nose,  and 
tail  aspect.  Sample  histograms  are  shown  in  Fig.  10.  As  ex¬ 
pected,  Rayleigh  and  Ricean  pdfs  did  occur,  the  former  with 
about  three  times  the  frequency  of  the  latter  (Table  If).  About 
20  percent  of  the  sample  runs  showed  no  preference  for  either, 
exhit  iting  Instead  tendencies  toward  uniformity  or  bimoda- 
lity,  far  example.  The  average  correlation  time  in  each  mode 
tiso  vas  measured  (Table  III).  Note  that  the  1/2  s  dwell  time 
estimated  earlier  for  the  sync  mode  is  within  the  range  shown. 
The  measurements  confirmed  the  expectation  that  aircraft  will 
alternately  permit  array  synchronizing  and  imaging 


TABLE U 

Relative  frequencies  of  occurrence  of  imaging 
AND  phase  synchronizing  modes 


View 

Number 
of  A  ire  raft 

Imaging  Mod* 
(Raylatgh  pdf) 

Synch  ronuing 
Mod* 

(Ricean  pdf) 

Neither 

Broadside 

3 

1394 

0.286 

0.120 

Not* 

2 

0.301 

0.363 

0.136 

Tail 

4 

0.668 

0.048 

0.284 

All 

9 

0.606 

0.193 

0.201 

TABLE  III 

APPROXIMATE  CORRELATION  TIMES  FOR  AIRCRAFT  ECHOES 

View 

Number  of 

Aircraft  Observed 

Average 

Correlation  Time 
<s> 

Average 

Deviation 

is) 

Broadaid* 

16 

1.66 

0.68 

Nos* 

7 

0.30 

0.04 

Tail 

4 

0.17 

0.11 

SUMMARY 

A  radar  antenna  array  distorted  beyond  the  normal  toler¬ 
ance  of  about  one-tenth  wavelength  can  be  made  to  function 
as  a  diffraction-limited  imaging  aperture  by  adaptively  phase- 
compensating  for  the  distortion.  An  external  point  source  of 
radiation,  called  the  phase  synchronizer  or  adaptive  beam 
former,  illuminates  the  array.  The  source  may  be  an  active 
beacon  or  a  passive  reflector  echoing  the  radiation  from  a 
radar  transmitter.  The  phase  of  the  radiation  field  is  measured 
at  each  array  element.  Phase  shifts  are  added  to  each  element 
channel  to  eliminate  the  phase  differences.  An  array  focused 
at  the  beam-forming  source  results.  Open  loop  scanning  in 
range  and  angle  follows  adaptive  focusing  of  the  array. 

An  algorithm  suitable  for  digital  signal  processing  is  given. 
It  describes  1 )  a  search  procedure  for  locating  the  target  most 
favorable  for  adaptive  beam  forming,  2)  the  adaptive  beam- 
forming  process,  and  3)  range  and  angle  scanning  of  the  focused 
beam.  Experimental  evidence  of  the  validity  of  the  technique 
is  given,  based  upon  experiments  with  a  27-m  .Y-band  random 
sparse  array. 

A  modification  to  the  Laaic  algorithm  is  descried  to  ac¬ 
comodate  an  isolated  target  such  as  an  aircraft  or  .  ->ip.  a 
radar  experiment  with  aircraft  of  opportunity  disclo^d  that 
the  fluctuating  properties  of  airborne  target  echoes  satisfy  the 
requirements  of  the  search  procedure  for  a  suitable  adaptive 
beam-forming  source. 
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Properties  of  Phase  Synchronizing  Sources  for  a  Radio  Camera 

BERNARD  D.  STEINBERG,  fellow,  ieee 


Abstract — A  distorted  phased  arras  can  be  made  to  operate  at  a 
diffraction-limited  aperture  if  a  compensating  time  delas  and/or 
phase  shift  is  added  in  each  antenna  element  channel.  When  the 
distortion  is  not  known  a  prion  the  correction  must  be  baaed  upon 
phatefront  measurements  of  the  radiation  from  a  source  external  to 
the  arras.  The  ideal  adaptlse  synchronizing  source  is  a  point  source 
radiating  in  free  space.  The  phasefronts  of  realistic  sources  are 
perturbed,  howeser.  Three  types  of  practical  sources  and  calculations 
of  the  conditions  under  sthich  their  radiation  fields  are  acceptable  for 
adaptive  beamforming  are  discussed.  The  sources  are  the  passive 
reflector,  the  actise  beacon,  and  radar  ground  clutter. 

I.  INTRODUCTION 

RETRODIRECTTVE  array  samples  the  radiation  field 
from  a  point  source  at  a  distance  and  adjusts  the  phase  of 
the  radiated  wave  at  each  element  to  be  the  complement  of 
the  measured  signal  phase  ( 1 1  — C  3  J .  The  radio  camera  (dis- 
torted  array  plus  self-adaptive  beamforming)  requires  retrodi- 
rective  nrocedures  (4]-(8|.  The  function  of  the  radio  camera 
is  very  n._  angular  resolution  imaging.  The  aperture  size  re¬ 
quired  at  microwaves  to  achieve  the  resolving  power  of  com¬ 
mon  optical  instruments,  which  is  10“3  to  10“4  rad,  is  hun¬ 
dreds  of  meters  to  tenj  of  kilometers,  as  is  evident  from  the  re¬ 
lation  A9  >JL,  where  ±8  is  the  beamwidth,  X  is  the  wave¬ 
length,  and  L  is  the  size  of  the  aperture.  Apertures  so  large  will 
be  very  difficult  if  not  impossible  to  survey  to  the  one-tenth 
wavelength  or  smaller  tolerance  required  for  diffraction-limited 
operation  [  5] .  Some  apertures  will  flex  and  may  even  be  time- 
varying-  Earlier  papers  describe  various  aspects  of  the  radio 
camera.  The  overall  system  concept  is  given  in  [4]  and  (5). 
The  details  of  the  algorithm  for  searching  for  the  retrodirec- 
tive  beamformer,  focusing  upon  it,  and  scanning  the  focused 
beam  in  range  and  angle  are  given  in  (7).  Early  experimental 
results  were  published  in  that  paper  and  in  [6]  and  [  8 } . 

This  paper  examines  the  retrodirective  beamforming  source 
and  determines  the  required  properties  for  satisfactory  opera¬ 
tion  of  a  radio  camera.  The  principle  of  operation  with  a  dis¬ 
torted  array,  the  radiation  pattern  that  results  from  retrodirec¬ 
tive  beamforming,  and  the  losses  that  can  develop  in  anay  gain 
are  discussed  in  the  next  two  sections.  In  the  following  section 
bounds  are  calculated  on  the  necessary  physical  properties  of 
retrodirective  synchronizing  sources.  The  sources  discussed  in¬ 
clude  the  passive  reflector  such  as  the  comer  reflector,  >  le  ac¬ 
tive  beacon  and  radar  ground  clutter.  Experimental  oi,.  di¬ 
mensional  radio  camera  images  show  how  array  gain  can  be 
degraded  by  an  imperfect  retrodirective  source. 

Manuscript  received  June  30,  1981;  revised  October  16,  1981.  Thu 
uork  was  principally  supported  by  the  Office  of  Naval  Research  and 
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Tlie  author  is  with  the  Valley  Forge  Research  Center,  Moore  School 
of  Electrical  Engineering,  University  of  Pennsylvania,  Philadelphia,  PA 
19104  and  the  Airborne  Radar  Branch,  Naval  Research  Laboratory, 
Washington.  DC  30375. 
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THE  RADIO  CAMERA 

Fig.  1  shows  a  pulsed  transmitter  illuminating  a  point  t  ■' 
fiector  which  reradiates  to  a  distorted  receiving  array.  The  ar¬ 
ray  system  measures  time  and/or  phase  differences  between, 
the  echoes  at  each  antenna  element  and  assumes  that  they  a.'- 
due  entirely  to  differential  distances  from  the  source  to  th~ 
antenna  elements  and  to  variations  in  the  index  of  refraction 
of  the  propagation  medium  along  the  ray  paths.  Following  e.-.* 
velope  time-delay  correction,  an  automatic  phase  correctic  . 
0o  -  0„  is  made,  which  is  ihe  difference  between  the  echo  phases 
received  at  some  arbitrary  reference  element  and  the  nth  ele¬ 
ment.  The  second  term  ~<j>n  is  the  key  to  the  corrective  pro.-^ 
ess.  It  is  the  complement  of  the  phase  of  the  received  sign'!*- 
relative  to  some  reference  phase  which  is  constant  across  the 
amy.  in  practice,  the  reference  signal  need  not  be  the  sign;;-, 
from  another  element  in  the  array;  instead,  it  can  be  the  loccO 
oscillator  wave  from  a  central  source  in  the  system  delivered  W* 
each  element  with  the  same  phase.  Either  procedure  is  satis¬ 
factory. 

Automatic  phase  conjugation  also  is  called  adaptive  bean-'., 
forming  or  self-cohering  or  phase  synchronizing.  After  the 
beam  is  formed  it  may  be  scanned  by  geometrically  calculated, 
phase  corrections  applied  open  loop  to  the  second  bank  c_"C 
phase  shifters.  Analog  or  digital  circuits  can  be  used  to  impl^ 
ment  both  banks  of  phase  shifters  and  the  phase  controllers. 

The  result  of  adaptive  beamforming  is  a  receiving  3iray  sel*-. 
focused  upon  the  synchronizing  source.  The  dimensions  of  th\* 
focal  zone  of  the  array  when  focused  upon  a  near-field  source 
at  a  distance  R  are  shown  in  Fig.  1.  The  nominal  cross-range 
beamwidth  is  \R/L.  The  beamwidth  in  range  is  the  depth 
field  of  the  aperture,  which  is  approximately  7 \(R/L)2  ( S T-  - 
The  focal  zone  when  the  source  is  in  the  far  field  is  an  angular 
sector  of  width  \JL  rad.  Thus,  the  angular  resolution  in  thv 
scanned  image  of  the  radio  camera  is  essentially  the  same  il\ 
the  near  field  as  in  the  far  field.  The  far-field  range  resolution 
is  determined  by  the  pulse  duration  of  the  transmitter  (ex¬ 
pressed  in  distance  units)  and  in  the  near  field  it  is  the  puls-^ 
duration  or  the  depth  of  field,  whichever  is  smaller. 

Fig.  2  shows  two  one-dimensional  radio  camera  images 
which  illustrate  the  importance  of  a  high  quality  beamform*. 
ing  source.  These  one-dimensional  angle  scans  were  obtained 
with  a  modified  AN/APQ-102  radar  operating  in  the  synthetic- 
aperture  radio  camera  mode  described  in  (6),  [7],  and  [9). 
The  array  was  approximately  linear.  Its  length  was  40  m.  I  - 
consisted  of  200  sample  points  located  at  random.  The  rada-.-' 
was  an  Af-band  (X  **  3  cm)  set  with  50  kw  peak  power  and  a’ 
range  cell  of  9  m.  The  adaptive  beam-forming  source  in  the  ex¬ 
periment  of  Fig.  2(a)  was  a  4  ft  comer  reflector  5.6  km  from  ', 
the  radar.  31  m  more  distant  was  a  2  ft  corner  reflector.  Th^f 
radio  camera  first  self-focused  upon  the  4  ft  reflector,  then 
scanned  in  angle  and  range  to  the  location  of  the  smaller  re.- 
fiector,  following  which  it  scanned  in  angle  across  it  to  pro-'-, 
duce  the  image  shown  in  Fig.  2(a).  The  ordinate  is  in  ampli-  ’ 
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Fig.  1.  Phase  synchronizing  a  badly  distorted  radio  camera  array  on  echoes  from  a  point  reflector. 
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Fig.  2.  One-dimensional  radio  camera  images  of  s  two-ft  comer  re¬ 
flector  at  5.6  km.  Beamforming  target  in  (a)  is  another  comer  re¬ 
flector:  in  (b)  it  is  a  house.  Loss  in  array  gain  is  3.2  dB. 


rude  units,  and  the  abscissa  is  in  milliradians  from  the  direc¬ 
tion  to  the  4  ft  reflector.  The  cross  section  of  the  imaged  2  ft 
reflector  is  0.4  mrad  which  is  2.2  m  at  the  target  range.  The 
expected  values  based  upon  diffraction  theory,  snythetic  ar¬ 
ray  theory,  and  random  array  theory  are  the  same. 

Fig.  2(b)  shows  the  same  target  imaged  by  the  same  equip¬ 
ment  using  exactly  the  same  array  and  imaging  algorithm.  The 
only  difference  is  the  beamforming  source.  The  source  in  Fig. 
2(b)  is  a  house  located  15.5  mrad  to  the  left  of  the  target  and 
45  m  from  it  in  range.  The  resolving  power  of  the  instrument 
is  not  significantly  altered  but  the  array  gain  is  reduced  by  3.2 
dB. 

That  the  array  gain  is  seriously  affected  by  the  properties  of 
the  synchronizing  source,  while  the  array  beamwidth  is  not,  is 
predictable  from  random  array  theory  (51.  Array  gain  is  sensi¬ 
tive  to  random  phase  errors  across  the  array  according  to 
£{C/C 0}  »  exp  [-o^5]  where  £{•}  means  expectation,  C  is 
the  array  power  gain,  G0  is  the  gain  in  the  absence  of  errors, 
and  cr93  is  the  phase-error  variance  across  the  array.  Expressed 
in  decibels  the  less  in  gain  is  -M7(dB)  =  4.3  .  Based  on 

these  equations  it  may  be  deduced  that  the  phase  variance  across 
the  array  after  phase  synchronization  on  the  echoes  from  the 


house  was  0.74  rad3  or  0.86  rad  rms.  The  nominal  widths  of 
alt  lobes  (main  lobe  and  sidelobes)  of  a  random  array  remain 
unchanged  irrespective  of  the  phase  errors.  Thus,  phase  errors 
during  the  adaptive  beamforming  process  reduce  array  gain  but 
have  no  first-order  effect  upon  array  beamwidth. 

It  is  evident  that  the  house  was  not  a  satisfactory  target  of 
opportunity  for  adaptive  phase  synchronization  of  the  distorted 
array.  In  the  following  sections  the  conditions  under  which 
targets  are  satisfactory  sources  are  examined  and  bounds  are 
derived  for  their  use. 

LOSS  IN  ARRAY  GAIN 

The  radiation  power  pattern  formed  by  the  adaptive  retro- 
directive  process  is  approximately  a  replica  of  the  source  func¬ 
tion  or  scene  that  produces  the  incident  radiation  field.  Let 
the  source  or  scene  be  at  distance  R  from  the  distorted  array 
(Fig.  3).  Let  y  be  ar.  axis  through  the  scene  perpendicular  to 
the  direction  of  phase  synchronization  of  the  array,  which  will 
be  called  the  c-axis.  Define  the  reduced  angular  variable  u  = 
sin  9  =  y/R  where  the  angle  9  is  measured  from  the  ;-axis.  9  a 
called  the  scan  angle.  The  source  or  scene  s(u)  produces  a 
radiation  field  along  the  x-axis  in  the  array  (Fresnel  approxi- 
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Fig.  3.  The  kcm  to  be  imaged  is  at  distinct  R  from  ths  imy,  The 

t-axis  is  in  the  direction  of  the  synchronising  source.  The  *•  and 

v>i\es  are  perpendicular  to  the  rods  and  are  in  the  same  plant. 

mation) 

S(x:R)~  js («)*/*(*•-**/«>  du  (1) 

where  the  x-axis  also  is  perpendicular  to  the  z-axis.  Now  assume 
a  phase  conjugation  operation  such  that  the  current  excitation 
in  the  array  along  the  x-axis  is  the  complex  conjugate  S*(x)  of 
(1).  The  radiation  pattern  of  the  array  in  the  source  region  be¬ 
comes 

f(u;R )«  js9(x\R)eik(xu-*lllR)  dx  (2) 

which  implies 

S*(x:R)e~’kx~,2R  =*  f f(u-,R)e~/kxu  du  (3) 

by  the  properties  of  the  Fourier  transform.  Equation  (3)  may 
be  rewritten 

S(x; R)  *  e~ikxll2R )/•(?; R)*ikxu  du  (4) 

from  which,  by  comparison  with  (1),  it  is  evident  that  the 
radiation  pattern  /  =  s*  or  |/|  ■  | s  |,  thus  validating  the  open¬ 
ing  statement  of  this  section.  Now  introduce  a  discrete  sampling 
of  the  radiation  field  in  the  x-axis  at  locations  x*  and  let  the 
adaptive  circuits  weight  the  N  elements  by  w,  =  S'fx,-;  R).  The 
radiation  pattern 

f  N 

fa(u;R)  =  1  2)  S9(xr,R)S(x-x,)eik^xu-xll2R'>  dx 
L  i«l 

(S) 

is  an  approximation  to  (2),  the  approximation  being  due  to 
the  discrete  sampling  in  the  aperture  and  to  its  finite  extent  L. 
In  (5)  5(*)  is  the  Dirac-delta  function.  Since  the  array  is  not 
solely  in  the  x-axis  (5)  is  not  an  exact  expression  of  the  radia¬ 
tion  pattern  but  is  a  close  approximation  in  the  angular  neigh¬ 
borhood  of  the  adaptive  beamforming  source. 

A  further  approximation  is  made  in  the  radio  camera:  since 
the  amplitude  of  the  radiation  field  must  be  nearly  constant 
for  the  source  to  approximate  a  point  source,  it  is  sufficient 
merely  to  phase-weight  the  elements  in  the  array  by  the  con¬ 
jugate  of  the  incident  field  and  to  ignore  its  amplitude  varia¬ 
tion. 

Based  on  this  reasoning,  it  is  seen  that  when  various  scatter¬ 
ing  centers  exist  in  the  source  region  the  gain  of  the  adaptively 
formed  beam  will  be  reduced  from  its  maximum  possible  value 
due  to  the  sain  of  the  radiation  pattern  in  the  directions  of 
those  scatterers.  The  scattered  may  be  part  of  the  synchro¬ 
nizing  target,  as  in  the  case  of  the  house  (Fig.  2(b)),  or  they 
may  be  clutter  scatterers  in  the  patch  illuminated  by  the  trans- 


Fig.  4.  Types  of  synchronizing  sources:  passive  reflectors,  active  bea¬ 
cons,  and  distributed  clutter. 


mitter.  To  calculate  the  loss  in  gain  it  is  necessary  only  to  re¬ 
late  the  phasefront  distribution  to  the  scatterer  distribution 
and  then  deduce  the  gain  loss  from  the  phase-front  distortion. 

First,  the  scatterer  distribution,  whether  on  the  beamform¬ 
ing  target  or  in  the  illuminated  clutter  patch,  may  be  pre¬ 
sumed  to  be  random,  which  is  a  sufficient  condition  to  ensure 
that  the  phase  perturbations  in  the  phasefront  of  the  reradia¬ 
tion  also  are  random.  Given  this  condition  the  loss  in  gain,  in 
decibels,  is  4.3  o03.  Next,  assume  that  a  tolerable  loss  in  gain 
is  1  dB.  The  phase  variance  allowed  in  the  phasefront  is  a $2  = 
1/4.3  rad3.  Now  assume  that  the  target  having  radar  cross  sec¬ 
tion  Of  radiates  as  a  point  source  and  that  the  clutter  cross 
section  Oc  <  0r-  Their  echoes  received  at  some  arbitrary  an¬ 
tenna  element  in  the  array  arrive  with  abritrary  phase  a  and 
amplitude  ratio  a  -  acll2/aT 1/3  <  1.  The  phase  error  8<f>  = 
tan~ 1  [a  sin  a/(l  +  a  cos  a)]  is  a  zero  mean  random  variable. 
Equating  its  variance  to  1/4.3  leads  to  the  condition  a ?  >  2.5 
0(7,  which  guarantees  that  the  loss  in  gain  will  not  exceed 
tolerance. 
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TYPES  OF  SYNCHRONIZING  SOURCES  ZT 

Fig.  4  illustrates  several  types  of  synchronizing  sources. 
Shown  on  the  ground  are  a  comer  reflector  (CR),  which  is  a 
near-ideal  beamforming  source,  and  a  large,  prominent  target  j 
of  opportunity  (TOO).  Both  are  passive  reflectors.  Also  shown  -  - 
is  an  active  beacon  (B).  The  beacon  can  be  airborne  as  well,  as 
illustrated  by  the  one  carried  in  the  remotely  piloted  vehicle 
(RPV).  The  beamforming  target  also  may  be  a  reflecting  sur- 
face  on  the  target  to  be  imaged  (called  a  target  reference  (TR)), 
as  is  illustrated  by  the  large  specular  reflecting  surface  of  the 
airplane  target.  Lastly,  the  beamforming  source  can  be  dis-  O; 
tributed  clutter  echoes  as  is  illustrated  for  the  airborne  radio 
camera.  These  three  types  of  sources  (passive  reflector,  active 
beacon  and  distributed  clutter)  are  discussed  separately  in  the 
subsections  below.  \  - 

Passive  Reflector 

Not  only  must  the  passive  reflector  have  a  large  enough 
radar  cross  section  so  that  its  echo  dominates  the  phasefront  (^1 
of  the  radiation  field  illuminating  the  array,  but  its  physical 
size  must  be  small  enough  so  that  its  reradiation  is  nearly  ,  - 
planar  or  spherical.  These  two  conditions  place  bounds  on  the 
acceptable  size  of  a  passive  target. 

The  nominal  lobe  spacing  of  the  radiation  from  a  target  of 
size  T  is  \/T  That  this  is  so  may  be  seen  by  considering  struc¬ 
tures  of  simple  or  known  characteristics.  For  example,  a  fiat- 
plate  reflector  of  length  T  radiates  a  pattern  having  the  angu- 
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tor  chmcUraUc  sin  (*Tu/\)l(nTu/\),  wh«r«  u  ■  sin  (0  -  $0), 
9  to  th«  »ngl*  msuund  from  thi  normal  to  the  surface,  and  0O 
to  the  direction  of  maximum  reradiation.  The  width  of  the 
main  lobe  to  approximately  X/7\  as  to  the  spacini  between 
aero  crossings  in  the  remainder  of  the  reradiation  pattern. 
Slmilarty,  if  the  target  contains  two  prominent  scatterers  of 
equal  strength  spaced  by  T  the  reradiation  pattern  has  the 
form  cos  (irfuA).  The  rero-crossing  interval  to  X/T,  If  the  scat* 
terers  are  of  unequal  strength  the  radiation  pattern  develops  an 
additive  constant  but  the  angular  modulation  period  remains 
the  same.  Lastly,  if  a  target  consists  of  many  scatterers  of 
random  amplitudes  and  locations  within  the  interval  T  the 
results  will  be  similar.  Let  the  scatterer  distribution  be  a  sample 
function  of  a  random  process  characterized  by  2a/5(>  -yi), 
when  at  an  the  scattering  amplitudes  and  y*  ire  their  loca* 
tions  on  the  nflector.  The  radiation  pattern  to 

T 

/(“)*  pT  —yt)tikyudy 

when  the  asterisk  means  convolution.  The  second  term  is  the 
underlying  radiation  pattern  of  the  collection  of  scatterers. 
The  first  term  to  due  to  the  truncation  of  the  random  process; 
it  to  the  Fourier  transform  of  the  window  function  representing 
the  extent  of  the  target.  The  lobe  spacing  of  g(u)  can  be  no 
smaller  than  that  of  the  sync  function,  which  is  X/T.  All  three 
examples  indicate  X/T  to  be  a  typical  value  of  the  lobe  spacing. 
A  lobe  width  is  about  half  this  value,  and  its  cross  section 
at  the  array  a  distance  R  from  the  target  is  \R/2T.  Unless 
the  central  portion  of  such  a  lobe  encompasses  the  entire  ar¬ 
ray  the  second  condition  above  is  not  satisfied.  Hence,  a  mini¬ 
mum  condition  for  satisfactory  beamforming  is 
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To  satisfy  the  first  condition  the  radar  cross  section  of  the 
adaptive  beamformer  must  exceed  the  combined  cross  sections 
of  all  the  scatterers  in  the  illuminated  patch  so  as  to  dominate 
the  phasefront.  The  clutter  cross  section  a c  —  /4<;0 0,  where 
Ac  *  R&R&8  to  the  area  of  the  patch  illuminated  by  the  trans¬ 
mitter,  A 9  to  the  nominal  beamwidth,  A R  to  the  pulse  length, 
and  R  to  the  distance  from  the  transmitter.  a0  to  the  normalized 
backscatter  coefficient  of  the  terrain.  The  radar  cross  section 
of  the  target  aj  * Aj-G ,  whereby  to  the  projected  target  area 
illuminated  by  the  transmitter,  and  G  to  the  gain  or  directivity 
of  the  target  reradiation  in  the  direction  of  the  receiver.  The 
peak  gain  of  a  flat  plate  reflector  is  dtr^/X2  and  its  maxi¬ 
mum  radar  cross  section  is  <77  =  4jt.4t-2/X2  which  equals 
4irT*/\2  for  a  square  reflector  of  side  T.  Since  the  effective 
area  of  a  comer  reflector  is  that  of  the  inscribed  equilateral 
hexagon,  its  area  is  T2  !2\/ 3  and  its  radar  cross  section  to  ap¬ 
proximately  T4 fk2 .  Radar  cross  sections  of  other  standard 
shapes  are  well  documented  [  10] . 

By  using  the  condition  Oj  >  2.5  Oc  derived  earlier,  and 
expressing  07  and  in  terms  of  radar  and  target  parameters, 
the  lower  bound  on  target  size  to  easily  calculated  for  any 
shape.  For  example,  by  using  the  last  expression  above  for 
target  cross  section  the  inequality  7"4/X2  <2.5  ao£A/?A0  ex¬ 
presses  a  lower  bound  upon  corner  reflector  target  size.  Com- 


TABLE I 

maximum  and  minimum  sizes  of  corner  reflectors 
FOR  USE  AS  SOURCES  FOR  .T-BAND  ANDi-BAND 
ILLUSTRATIONS 


Band 

K  (m) 

®0 

&R  (m)  Ad  (rad) 

x/I 

X 

0.03 

10-2 

5 

1/20 

1/2000 

0.25 

5 

L 

0.3 

JO-3 

20 

1/20 

1/2000 

0.61 

5 

!•« 

tog  R 

Fig.  5.  Range  dependencies  on  size  of  passive  reflector  T  and  beacon 

power  PB. 


bining  it  with  (7)  yields 

(2.5X2ff0* A*A0),/4  <  T  <  ^  •  (8) 

Table  I  illustrates  two  cases  of  radars  with  beamwidths  of 
1/20  rad  or  approximately  3*.  One  has  a  3  cm  wavelength  and 
a  5  m  range  resolution.  The  other  has  a  30  cm  wavelength  and 
a  20  m  range  resolution.  In  each  case  the  design  problem  is  to 
make  the  azimuthal  resolution  100  times  finer  through  the  use 
of  a  large,  distributed,  receiving  phased  array.  The  adaptive 
beamformer  to  at  a  distance  of  10  km  in  both  cases.  Values  of 
<7p  =  10~2  and  10-3  are  assumed  for  the  two  wavelengths. 
The  right  side  of  the  table  shows  the  maximum  and  minimum 
sizes  of  comer  reflectors  that  satisfy  the  requirements  de¬ 
scribed  above. 

Fig.  5  expresses  the  bounds  as  a  function  of  range  R.  It  is 
evident  that  at  short  ranges  the  minimum  allowed  size  ex¬ 
ceeds  the  maximum  allowed  size,  which  means  that  adaptive 
beamforming  cannot  be  accomplished  with  a  passive  reflector 
at  distances  less  than  some  minimum  range.  The  minimum 
range  is  found  by  equating  the  bounds: 

*min  =(4O£4X-2ooA*A0)1/3.  (9) 

Active  Beacon 

The  second  phase  synchronizing  source  is  an  active  bea¬ 
con  triggered  by  the  radar  transmitter  radiating  a  pulse  se¬ 
quence  of  power  PB  at  a  distance  R  from  the  array.  Isotropic 
radiation  to  assumed.  The  beacon  power  density  at  the  array  is 
Pg/lnR2 .  The  clutter  power  density  at  the  array  is  PjGyQc! 
(47r/?2)2  where  P 7  is  the  radar  transmitter  power  and  Gj  is 
the  antenna  gain  [II],  The  clutter  cross  section  Oc  was  given 
in  the  subsection  above.  Combining  these  terms  and  requiring 
that  the  beacon  signal  exceed  the  clutter  echo  by  a  factor  of 
2.5  or  more  results  in  the  following  condition  on  the  beacon 
power: 


Pb> 


P  tG 

1.6“/? 
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Whereas  the  required  size  of  the  passive  target  grows  with 
range  (see  <S )) ,  the  minimum  required  beacon  power  is  in¬ 
versely  proportional  to  distance.  This  surprising  result  is  due 
to  the  fact  that  the  beacon  power  density  at  the  receiver  suf¬ 
fers  an  inverse  square  propagation  loss  while  the  clutter  power 
decreases  with  the  cube  of  range.  Pg  cannot  decrease  inde¬ 
finitely  with  range  because  the  beacon  signal  always  must  ex¬ 
ceed  receiver  noise.  Based  on  the  assumption  that  receiver 
noise  is  independent  from  antenna-element  channel  to  chan¬ 
nel  the  received  signal  must  exceed  the  noise  by  the  same 
factor  of  2.5  as  it  must  exceed  the  clutter.  The  received  bea¬ 
con  signal  power  is  PgAgl^ttR7  ,  where  Ar  is  the  effective 
area  of  the  entire  receiving  array.  Receiver  noise  power  is 
kTSF  where  '<  is  Boltzmann’s  constant,  T  is  receiver  tern pera- 
ture.  B  is  receiver  bandwidth,  and/1  is  the  system  noise  figure. 
Combining  these  expressions  leads  to  the  second  requirement 
upon  beacon  power: 

lOr  R2kTBF 

Pb> -  (U) 

■Ar 

These  equations  also  are  plotted  in  Fig.  5.  If  the  beacon  is 
self-triggered  (radar  transmitter  turned  off)  the  weak  demand 
upon  beacon  power  given  by  (10)  vanishes. 

Due  to  the  different  range  dependencies  of  the  passive  tar¬ 
get  and  the  active  beacon,  the  following  general  observations 
may  be  made: 

•  A  TOO.  which  is  required  for  synchronizing  a  mobile 

radio  camera,  is  most  likely  to  be  found  at  a  short  dis¬ 
tance  from  the  radar.  ' 

•  A  fixed  installation  can  use  an  implanted  source.  The 
choice  of  active  beacon  triggered  by  the  radar  transmit¬ 
ter  versus  passive  reflector  will  be  influenced  by  the 
distance  from  source  to  radar  (short  range  favors  a  pas¬ 
sive  source  and  long  range  favors  the  beacon). 

Clutter  as  a  Synchronizing  Source 

Earlier  it  was  shown  that  the  beam  pattern,  following  self- 
cohering.  approximates  the  source  function  that  produces  the 
incident  radiation  field.  If  the  echoes  are  primarily  from  clut¬ 
ter  the  pattern  will  approximate  the  angular  clutter  distribu¬ 
tion  weighted  by  the  pattern  of  the  illuminating  beam.  Its 
width,  therefore,  will  be  the  same  aa  that  of  the  transmitter, 
and  no  resolution  improvement  will  result.  When  the  tadar  sys¬ 
tem  is  airborne,  however,  echoes  from  scatterers  within  the 
ground  patch  may  be  distinguished  from  each  other  by  their 
Doppler  shifts;  hence,  narrow-band  filtering  of  the  received 
clutter  echoes  can  extract  the  reflections  from  scattered 
wuhin  a  suipatch  of  the  desired  width.  The  output  of  suen  a 
filter  can  be  used  as  a  phase-synchronizing  reference  ( 5  J . 

Fig.  C  shows  sn  airborne  radar  moving  with  speed  V  illumi¬ 
nating  a  cluiteT  patch  with  beamwidth  <19  at  distance  R  and  at 
angle  0  from  the  ground  track.  The  receiving  array  of  length  i 
is  assumed  to  be  distributed  on  the  airframe.  The  width  of  the 
clutter  patch  RCsd  m  R\/a,  a  <  L  is  the  aperture  of  the  radar 
transmitter,  whereas  the  proper  width  cannot  exceed  \R/ZL, 
as  derived  in  (7).  Assuming  that  the  aircraft  altitude  is  much 
smaller  than  the  range,  the  Doppler  shift  of  an  echo  from  a 
jeatterer  at  angle  S  is 

(i:» 


Fig.  6.  The  clutter  patch  is  too  wide  to  he  a  synchronizing  source.  . 
Narrow-band  filtering  in  the  receiver  reduces  effective  patch  width 
to  \JU1L. 


To  confine  the  response  of  the  filter  to  echoes  from  the  de-  \ 
sired  subpatch  its  bandwidth 


=»  —  sin  sin  8  “  —  sin  0 .  ( 1 3) 

X  41  L 


Fig.  7  shows  how  the  reference  signal  would  be  used.1  One 
element  is  chosen  as  the  reference  element.  A  nanow-band  .  . 
filter  (NBF)  of  bandwidth  h'  centered  at  the  mean  Doppler 
shift  delivers  the  reference  signal  to  a  bank  of  phase  detectors, 
each  associated  with  one  antenna  element  The  clutter  echoes 
received  at  each  antenna  element  pass  through  a  voltage-con-  U , 
trolled  phase  shifter  to  the  summer  of-  the  phased  anay.  The  ff, 
signal  also  passes  to  the  other  input  of  the  phase  detector. 
The  beat  product  is  smoothed  in  a  low  pass  filter  and  ap¬ 
plied  as  the  control  voltage  to  the  phase  shifter.  The  circuit  ■ 
is  a  phaselock  loop  which  drives  the  two  inputs  to  the  phase  V- 
detector  into  a  quadrature  relationship.  The  loop  responds  to 
those  components  of  the  element  signal  which  correlate  with 
the  narrow-band  reference  signal. 

Fig.  8  shows  the  clutter  spectrum  at  an  arbitrary  element  *' 
and  after  passage  through  the  NBF.  The  clutter  signal  may  be 
represented  by  the  sum  of  M  sinusoidal  echoes  of  amplitudes  ' 
at,  Doppler  shifts  fd  +  ft  where  *  2  V  cos  0/A  is  the  mean  /!• 
shift,  and  phases  The  j/,  ft  and  <t>t  are  independent  random 
variables.  In  addition,  there  is  a  phase  shift  4>  due  to  the  po-__ 
sition  of  the  element  in  the  distorted  array;  <1>  is  the  quantity 
to  be  corrected  by  the  adaptive  process.  Calling  the  clutter  -  ’ 
signal  c(t),  its  equation  is 


c(r)  - 


.\f 

2  at  C°J  [(wo  +  +  0t  +  <t>) 


where  w  *  2 it/.  The  reference  wave  is  the  sum  of  K  <  M  echoes 
from  the  central  portion  of  the  ground  patch.  Its  waveform  is 


^  a,  cos  [(w0  +  +  u )f)t  F  d/) . 


1  A  receiver  chain  containing  the  usual  cucuits  such  as  amplifieit,-  *■ 
mixer,  and  local  oscillator  is  implicit  ui  each  channel.  Coherent  derec-V 
lion  also  is  implicit.  The  NBF  U  assumed  to  be  preceded  by  a  range 
gate  so  that  the  NBF  responds  only  to  scatterers  in  the  range  interval 
•  R  *  &R )  Similarly,  a  range  gate  is  assumed  at  the  signal-input  port  • 
of  the  phase  detector.  The  analysis  which  follows  also  pertains  to  wide--  ’ 
band  delay-line  filters  having  narrow  passbands  at  intervals  of  the  pulse 
repetition  frequency  and  to  optical  correlators  111). 
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•  •  • 

•  .  •  • 

Fij.  7.  Reference  element  and  one  other  element  in  airborne  radio 
camera.  All  signal]  phajelocked  by  clutter-derived  reference  wave 
obtained  from  narrow-band  filler. 
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Fig.  8.  (a)  Input  clutter  spectrum,  (b)  After  narrow-bind  filter  in 

reference  channel. 


The  mixer  output  is  the  product  e(r)  «  c(t)r(t),  only  the  low 
frequency  terms  of  which  pass  through  the  low  pass  filter.  Its 
output  voltage  is 


I  -vr  >  K 

<K‘)m~  22  a'al  co*  ((<*»/  ~  «/)f  +  t>i  ~  +  <J>] 


l/2a,<iy  =  1/2 a,  dy  =  1/2 a1,  assuming  that  the  scatterers  are  sta¬ 
tistically  independent  and  have  common  statistics.  Since  the 
Doppler  shifts  and  scatterer  phases  are  independent  from  scat- 
terer  to  scatterer  the  average  power  in  the  second  term  is  the 
sum  of  the  component  powers,  each  of  which  contributes 
l/2(l/2a'J):  —  JJ/8.  Hence,  the  variance  of  (16)  is  ou‘  = 
K(M  -  |)a*/8. 

By  adding  the  dashed  NBF’s  in  the  element  channels  the 
number  of  scatterers  ir.  the  clutter  signal  (13)  drops  from  M 
to  K,  which  reduces  the  variance  to  ou^-B2  -  K(K  -  l)a4/8. 
The  reduction  in  phase-noise  power  is  the  factor  (M  -  1)/ 
(AT  —  1)  M/K  since  the  number  of  scatterers  is  large.  This 
ratio  is  2LA0/X,  which  is  approximately  the  ratio  of  the  clut¬ 
ter  bandwidth  to  the  filter  bandwidth  because  random  ground 
and  sea  clutter  typically  exhibit  uniform  angular  distributions 
and  the  transformation  (12)  from  angle  to  frequency  shift  is, 
for  small  angles,  nearly  constant.  This  phase-noise  power  re¬ 
duction  factor  is  exactly  the  angular  resolution  improvement 
ratio,  which  can  be  very  large.  For  example,  consider  an  5-band 
radar  (X  -*  10  cm)  with  a  3°  beam  width  (A0  “  1/20  rad) 
aboard  a  30  m  aircraft.  The  resolution  improvement  factor  is 
30,  which  means  that  the  reduction  in  the  phase-noise  power 
in  the  PLL  can  be  as  large  as  15  dB  when  the  NBF  is  added  in 
the  loop. 

In  addition  to  the  proper  filter  bandwidth  (13)  the  fre¬ 
quency  selectivity  of  the  filter  must  ensure  that  the  clutter 
power  of  the  echoes  passing  through  the  central  region  of  the 
filter  exceeds  the  remainder  by  at  least  a  factor  of  2.5,  or  -i 
dB.  Let  the  clutter  power  density  spectrum  be  represented  by 
C(/)  and  the  filter  transfer  function  by  H(f),  where  the  origin 
of  the  frequency  variable  {  is  taken  at  the  mean  Doppler  shift 
fa-  Based  on  (12)  and  the  assumption  at  e  of  a  uniform 
angular  distribution  of  scatterers,  C(f)  u  proportional  to  the 
probability  density  function  of  the  frequency  variable  in  (12) 
and  the  weighting  due  to  the  antenna  pattern.  The  former  can 
be  shown  to  be  proportional  to  [(2^/X)2  -  f3  )-1/J.  The  lat¬ 
ter  is  the  two-way  antenna  pattern  transformed  from  the  angle 
variable  8  to  the  frequency  variable  / using  ( 1 2).  The  required 
condition  on  H(f)  is  given  by 


i  K  -  m  >  K 

--cos  4>  2*/1  +  '  22 a<°l 

•  cos  ((w,  -  W/)f  +$,-$/  +  <t>],  (16) 

The  dc  output  is  v(r)  -  Ka1  (cos  <t>)/2  where  a3  is  the  mean 
squire  echo  strength  of  the  scatterers.  Thus,  the  dc  control 
voltage  for  the  phase  shifter  is  proportional  to  cos  <I>.  Since  the 
loop  drives  'his  voltage  to  zero,  the  portion  of  the  phase- 
shifted  element  signal  within  the  passband  of  the  NBF  is 
brought  into  phase  quadrature  with  the  reference  signal  in¬ 
dependent  of  the  array  distortion-induced  phase  error  "b  This 
procedure  is  performed  in  all  array-element  channels,  resulting 
•n  the  cophasing  of  their  signals,  The  reference  signal  channel 
may  be  added  provided  that  it  is  shifted  in  phase  by  rr/2.  The 
sum  t*  the  may  output.  Adding  the  NBF  (shown  dashed)  in 
'he  PLL  improves  both  its  acquisition  and  tracking  character- 
“tlCi  by  »«ducing  the  phase  noise  in  the  loop.  The  steady 
state  phase-error  variance  in  the  loop  is  proportional  to  the 
'ariance  of  U6)  which  is  the  power  in  the  second  term.  That 
erm  consists  of  K(M  —  1)  sinusoids  of  average  amplitude 
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I  C(n\H(f)\3df 
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c(n\H(n\Uf 


(17) 


SUMMARY 

A  distorted  phased  array  can  be  made  to  operate  as  a  di:- 
fraction-limited  aperture  if  a  compensating  phase  shift  is  addeJ 
in  each  antenna  element  channel.  When  the  distortion  is  not 
known  a  priori  the  phase  correction  must  be  based  upon 
phasefront  measurements  of  the  radiation  from  a  source  ex- 
te.nat  to  the  array.  The  ideal  phase  synchronizing  source  is  a 
point  source  radiating  in  free  space.  The  phasefronts  of  realistic 
sources  are  perturbed,  however.  This  paper  discusses  three 
types  of  practical  sources  and  calculates  the  conditions  under 
which  their  radiation  fields  are  acceptable  for  adaptive  beam¬ 
forming. 

The  most  important  source  is  a  passive  reflector  such  as  a 
corner  reflector  or  a  large  target  of  opportunity  it  is  sho'vn 
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that  bounds  exist  on  the  minimum  and  maximum  sires  of 
such  reflectors  and  that  there  is  some  minimum  distance  be¬ 
low  which  the  conditions  cannot  be  met.  The  bounds  on  size 
T  when  the  synchronizing  source  is  a  comer  reflector  and  the 
minimum  range  *mln  are 

c <T<™  (8) 

Kmin=(-iOL4\-1a0lR^d)lli.  (9) 

An  active  beacon  is  an  excellent  adaptive  beamforming 

source.  The  required  beacon  power  decreases  with  range  ac¬ 

cording  to  the  relation 

PrGro^XR^e 

pb>  - -  (10) 

16c* 

until  such  a  range  is  reached  at  which  receiver  noise  competes 
with  the  beacon  signal.  Beyond  that  range  the  beacon  power 
must  increase  with  distance  according  to 

10-rJkTBF 

PB> -  (11) 

ar 

It  is  also  possible  to  use  clutter  echoes  to  phase  synchro¬ 
nize  a  distorted  array  provided  that  the  radiation  from  scat¬ 
tered  located  at  different  angular  positions  in  the  ground 
patch  can  be  distinguished  in  the  receiver.  This  condition  can 
be  met  if  the  radar  is  on  a  moving  platform,  for  then  the  scat- 
terer  echoes  are  Doppler  shifted  in  proportion  to  cos  9.  Nar¬ 
row-band  filters  in  each  antenna  element  channel  respond  only 
to  echoes  from  scattered  in  a  nanow  angular  or  cross-range 
swath  no  larger  than  Tmt,  given  above.  The  procedure  permits 
the  extraction  from  the  clutter  echoes  of  a  reference  signal  to 
phase  synchronize  the  array,  thereby  permitting  the  technique 
to  be  applied  to  an  airborne  distributed  antenna  array  aboard 
a  nonrigid  aircraft.  The  first  condition  on  the  filter  bandwidth 
is 

V  sin  9 


and  on  the  frequency  selectivity  of  its  transfer  function  //(/)  .- 
it  is  '  ’ 

[V/2  f- 

/  C(/)|//(/)|Jd/>2.5  /  £(/)!#(/)  |J  df.  ( 1  7)-- 

J0  JW/ 2  ’I 

C{f~)  in  ( 17)  is  the  clutter  power  density  spectrum. 
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ABSTRACT 

An  adaptive  antenna  array  system  large  enough  to  obtain  angular,  resolving  power 
comparable  to  common  optical  systems  is  called  a  radio  camera.  Following  an  adaptive 
beamformlng  procedure  the  beam  is  open-loop  scanned  to  get  the  desired  Images,  Huiti 
path  and  scattering  of  the  energy  reradiated  from  the  carnet  induce  phasefront  dis¬ 
tortions.  A  theory  has  been  dev,  loped  showing  that  the  loss  in  array  gain  due  to  the 
scattered  field  can  be  described  by  a  simple  relationship  involving  only  two  quan¬ 
tities:  the  strength  S  of  the  scattered  field  relative  to  the  direct  field  and  a 
spatial  correlation  function  p(0)  associated  with  the  scattering  process.  The 
argument  0  is  the  scanning  angle.  The  array  gain  is  G(9)-  G(0)S[l-p(9) ] . 

A  series  of  experiments  has  been  conducted  to  test  the  assumptions  underlying 
the  development  of  the  theory,  which  appears  to  vindicate  them.  The  theory  and  ex¬ 
periments  are  described.  The  theory  is  then  used  to  determine  the  degradation  in 
radio  camera  scanning  performance  for  several  important  cases  of  interference  caused 
by  reflections. 


*This  work  was  principally  supported  by  the  Office  of  Naval  Research,  the  Air  Force 
Office  of  Scientific  Research  and  the  Army  Research  Office. 
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EFFECT  OF  MULTIPATH  AND  SCATTERING 
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X.  INTRODUCTION  „ 

I  *  '  t 

An  earlier  paper  described  a  procedure  for  self-cohering  a  distorted  or  time 
varying  phased  array  so  as  to  obtain  diffraction-limited  imaging  from  it  [1].  Beam--;.,’ 

forming  mas  accomplished  by  measuring  the  radiation  field  at  each  point  in  the 
array  due  to  a  point  source  or  reflector.  Conjugate  phases  were  added  at  each  £ 
antenna  element  to  form  a  focused,  retrodirectlve  beam,  which  was  scanned  in  angle 

19 

and  range  for  imaging.  The  beamwidth  (in  radians)  was  approximately  the  reciprocal 
of  the  size  of  the  array  in  units  of  wavelength  and  the  sidelobe  properties  were 
those  of  the  random  array.  A  high  angular  resolution  Imaging  system  incorporation 
this  procedure  is  called  a  radio  camera.  ?! 

While  beamforming  requires  no  knowledge  of  antenna  element  positions,  scanning  C-' 

*  v 

does  require  such  knowledge.  The  self-cohering  beamforming  process  eases  the 
tolerance  on  element  position  errors  [2],  [3],  [4].  A  nominal  rms  surface  tolerance"! 
of  X/4ir,  which  normally  reduces  array  gain  by  1  dB,  can  be  increased  by  the 
reciprocal  of  the  angle  (in  radians)  through  which  the  system  is  scanned.  Given 
a  field  of  view  as  large  as  the  moon,  the  element  position  error  tolerance  can 

,  i 

be  increased  by  two  orders  of  magnitude. 

This  paper  addresses  the  effects  on  array  gain  of  a  radio  camera  when  £ 

propagation  conditions  differ  from  free-space  propagation.  Multipath  and  scattering 
distort  the  radiation  field  at  the  array,  the  measurements  of  which  are  used  to 
retrodirectively  focus  a  beam  on  the  source.  It  is  shown  that  two  relatively 
simple  descriptors  of  the  scattering  process  describe  the  loss  in  array  gain. 

These  are  the  ratio  of  the  scattered-to-direct  field  intensities  and  a  correlation 
function  of  phase  errors  induced #in  the  measurements  of  the  radiation  field  due  to  j 
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the  scattering.  Experimental  evidence  lends  support  to  the  theory. 

t 

Two  types  of  scattering  and  three  cases  for  each  type  are  analyzed:  The  fixed 
point  reflector  and  the  specular  reflector  located  close  to  the  target  area*  roughly 
mid-path  between  target  and  array*  and  within  the  array. 

2.  ADAPTIVE  BEAMFORMING 

No  loss  of  average  array  gain  is  incurred  at  the  beamforming  angle*  when  adaptive 
beamforming  is  employed*  even  in  the  presence  of  phase  errors  in  the  beamforming 
signals.  Loss  develops  when  scanning  the  radio  camera  away  from  0Q,  the  direction 
of  beamforming.  Although  different  methods  of  adaptive  beamforming  exhibit  detailed 
differences,  the  following  discussion  illustrates  the  general  distinction  between 
the  closed-loop  (adaptive)  beamforming  and  the  open-loop  (nonadaptlve)  scanning 
functions. 

Figure  1  illustrates  how  phase  errors  degrade  array  gain  during  scanning.  The 
symbol  $  is  used  to  distinguish  between  the  measured  phase  with  error  and  the 
proper  phase  <J>.  Let  x  represent  position  in  the  array  and  let  the  x-axis  be 
approximately  perpendicular  to  the  target  direction.  Let  6  represent  target  angular 
position  and  let  the  6-axls  be  an  arc  of  constant  distance  from  the  array.  Next 
let  the  measured  phase  at  point  x  due  to  a  target  or  source  at  angle  9  in  the  field 
be  $(x,6)  -  $(x,9)  +  <5<Kx,9).  The  first  term  is  the  "geometric”  phase  (modulo/2ir) 
equal  to  2t/X  times  the  distance  between  point  x  and  the  target.  The  second  term 
is  an  error  due  to  noise,  multipath,  element  position  error,  and  other  sources 
of  phase  error.  The  amplitude  of  the  received  signal  is  a(x,9). 

Now  assume  a  strong  synchronizing  source  at  6  -  0q  radiating  energy  to  the  array. 
The  retrodirective  process  focuses  the  array  on  the  source.  $(x,0Q)  (Figure  la) 

A 

is  a  column  vector  in  a  matrix  $(x,9).  To  form  a  beam  at  9  ■  0^  it  is  necessary 

to  phase  rotate  the  received  signal  a(x,0o)  exp[j4>(x.90)l  hy  the  negative  of 

#(x,9  )  (Figure  lb),  and  to  sum  the  phase-rotated  vectors.  All  signals  from  the 

direction  8  ■  9  become  cophased  and  may  be  added.  This  is  what  the  phase  shifters 
o 

in  a  phased  array  do. 


E-19 


-3- 


m 


MONOTONIC 

WITH 

POSITION 
IN  ARRAY 


POSITION 
CROSS  TRACK 

e„ 


i 


i 

i 


0<X,9O) 


f 


i 

i 

i 

i 


X 


X 


X 


I 

I 

• 

I 

I 

I 

0 

I 

I 

I 

< 

I 

I 


0(x,g )-0{x,eo) 
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(b)  PHASE  MATRIX  AFTER  BEAM- 

FORMATION  AT  9  ■  6  . 
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FIGURE  1.  SEAMFORMING  PROCEDURE 


In  adaptive  beamforming,  closed-loop  self-phasing  procedures  do  the  phase 
rotation.  Signals  arriving  from  any  other  direction  9  are  similarly  phase  ghifted 
by  $(x,0Q).  The  general  entry  in  Figure  lb  becomes  0(x,0)  -  J(x.0o>.  Designating 
discrete  element  locations  as  x^  the  complex  sum 

f<6)  "i-ia(xi,6)e3Cpj[^(*i,e)  "  *<*i’6o»  CD 

is  the  complex  gala  of  the  array  in  the  direction  0.  Of  course  at  0  -  6q  the  phase-* 
rotated  signals  are  all  cophased  and  (1)  becomes 

N  ~  ~  N 

£(0O)  -  «(x1,0o)expj(^(xi9o)  -  (K*1»90)]  -  [a(xi,0o)  (2) 

In  the  ab8ense  of  phase  errors  the  radiation  pattern  (1)  would  have  been 

N 

f0(6)  -  l  a<x1,0)exp3(4i(xi,9)  -  $0^,0)]  (3) 
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and  its  peak  value 


N 

W  •  I  *<vv  ■  £<V  (4) 

is  the  same  as  in  (2),  showing  that  loss  does  not  develop  at  the  beamforming  angle 
even  In  the  presence  of  phase  errors  in  the  beamforming  signals. 

The  effects  upon  scanning  are  different,  however.  The  objective  of  the  scanning 
operation  Is  to  make  some  other  column  vector  in  the  matrix,  say  <{>(x,6^),  equal 
to  zero.  Signals  arriving  from  0  -  0^  should,  after  processing  become  cophased, 
and  their  vector  sum  should  add  to  tht:  sum  of  the  amplitudes,  as  in  (2).  Errors 
in  phase  measurement,  however,  reduce  the  vector  sum,  implying  a  loss  in  main- 
lobe  gain. 

This  loss  in  gain  is  the  dominant  effect  of  phase  measurement  errors  provided 
that  (a)  the  errors  in  phase  measurement  are  random  aqd  Independent  and  (b)  the 
element  placements  are  random.  Beamwidth,  beam  shape  and  pointing  error  effects 
then  become  nil.  The  sidelobe  properties  are  already  those  of  a  random  process; 
further  random  phase  perturbations  change  the  details  of  the  side  radiation  pattern 
but  not  its  statistics.  Hence  the  effect  of  phase  measurement  errors  is  to  reduce 
the  contrast  in  the  scanned  image  (main  lobe  to  average  sidelobe  ratio)  but  not  the 
resolution  (proportional  to  beamwidth) . 

Equation  (1)  illustrates  adaptive  beamforming:  the  second  term  in  the  argument 
of  the  exponential  zeros  the  phases  at  9  -  9^.  Scanning  the  beam  to  0^  after 
adaptive  focus  at  0Q  requires  a  further  phase  correction.  $(x,0o)  must  be  sub- 
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tracted  from  the  phase  of  the  signal.  This  is  an  open-loop  process.  The  signal 
processor  can  only  estimate  the  required  phase  correction  from  the  geometry:  ~ 

<Ji(xt8^)  ~  <t>(x,6Q) .  The  difference  between  the  desired  phase  shift  and  the  actual 
open-loop  phase  shift  is  the  residual  phase  error  introduced  by  the  scanning  process  . 
(dropping  the  subscript  on  beam  direction  0) : 


$(xf0)  -  $(x,eo)  -  [$<x,0)  -  *(x,eo)]  -  6$(x,6)  -  ^(x,eo)  t  o  (5)  j 
The  mean  residual  phase  error  across  the  array  may  be  assumed  to  be  zero.  The 

~  J  | 

residual  phase-error  variance  is  the  mean  square  error. 

a2  -  E[5*(x,0)  -  <5*(x,0  )]2  1 

y  o  j 

-  E[5$(8)]2  -  2E(6<K0)<S0(8  )]  +  E[S<K0  )]2  (6)  j 

o  o  | 

I 

It  was  shown  in  [A]  that  phase  errors  in  the  signals  received  across  a  receiv: -.gj 

array  decrease  the  expected  value  of  the  main-beam  power  gain  G,  under  fairly  general 

-  *  i 

conditions,  according  to  ;f 

2  I 

E[C1  -  Gq  exp(-d^)  (7)  1 

where  Gq  is  the  gain  in  the  absence  of  errors.  Given  K  independent  sources  of  phasrl 

error  their  variances  add  to  form  the  total  phase-error  variance.  The  expected  cha?|g« 

in  gain  in  decibels  is  I 


2  -  ■  „ 

10  log  E[G/Gq]  *  -4.3  £  (gj 

The  loss  in  gain,  in  decibels,  called  AG,  is  the  negative  of  (18). 

AG  -  4.3  I  dB 

3.  PHASEFRONT  DISTORTION  DUE  TO  MULTIPATH  AND  SCATTERING 

One  source  of  phase  error  is  multipath  and  scattering.  Energy  from  the  targec" 
may  be  scattered  by  reflectors  located  outside  the  direct  path  to  the  array  and 

rJ 

some  of  the  scattered  energy  may  arrive  at  the  array.  The  phase  of  the  sum  of 
the  direct  and  scattered  energy  across  the  array  differs  frop  the  signal  phases  / 
which  would  exist  wihout  scattering.  Because  the  signal  processor  of  the  adaptive 
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array  has  no  a  priori  means  for  calculating  the  phase  changes  clue  to  the  scattering, 
such  phase  alterations  constitute  phase  errors  which  increase  the  phase  error 
variance  o*.  From  (6)  ,  the  contribution  to  due  to  multipath  and  scattering  is 

° l  "  -  <$$<x,eo)]2  -  Et<S<p(x,0> ] 2  -  2E[6<Hx,9)$<Kx.eo)]  +  Et6<Kx,eQ)l2 

-  2E[$$(x)]2  [1  -  p(x,A0) ]  -  202[1  -  p(A6)J  (9) 

wher ;  c|  is  the  initial  phase-error  variance  across  the  array  due  to  the  scattered 
energy,  and  p(A9)  is  the  autocorrelation  function  of  the  phase  error  as  a  function 
of  the  beamsteering  displacement  A0  •  6  -  0  .  The  residual  phase-error  variance  is 
doubled  because  the  residual  phase  error  is  the  difference  between  two  phase  errors, 
and  is  reduced  according  to  the  correlation  between  them. 

Four  assumptions  are  implicit  in  (9),  the  first  three  of  which  are  weak 
for  arbitrary  terrain.  However,  the  excellent  agreement  is  the  theory  with 
experimental  data  from  the  Valley  Forge  field  site  (shown  later)  lends  con¬ 
fidence  to  the  theory.  The  first  assumption  is  that  the  statistics  of  6<J>(x,0) 
at  any  position  x  in  the  array  is  independent  of  9:  thus 

E[6<Kx,9i)]2  -  IScKx^j)]2  -  E[5$(x)Jl,  all  i,j.  (10) 

The  second  is  that  the  covariance  of  the  phase  error  is  independent  of  9  and  is 
dependent  only  in  the  spacing  A 0.  This  condition  is  the  equilvalent  of  "stationarity" 
in  time  se.ies  analysis.  The  third  assumption  is  that  the  phase-error  statistics 
are  Independent  of  x;  therefore 
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E[64»<x±>  l2  -  EWxj)]2  £  E[($0)21,  all  i.J.  !  (11) 

i  2 

Lastly,  it  Is  assumed  that  the  phase  error  is  unbiased  (zero  mean)  such  that  Et(<4)  ] 

2 

Is  also  the  variance  Og. 

°S  is  relat«d  to  th«  power  ratio  S  of  the  scattered  signal  received'  at 

u  | 

the  array  to  the  direct  signal.  is  the  amplitude  of  the  scattered  "signal"  ’ 

in  Figure  2;  is  a  random  phase  variable  uniformly  distributed  in  [0,2ir].  The 
variance  of  <5<J>  is 


.  ufL-i  _sW12 

L  l+S  cosiJ/J 


RECEIVED  SIGN/ 


SCATTERED  SIGNAL 


DESIRED  SIGNAL 


figure  2.  Phase  measurement  error  due  to  scattering 

l 

Equation  (12)  is  approximately  equal  to  S/2  when  S  is  small,  the  error  being 
less  than  7Z  for  S  0.25*  Making  this  substitution  in  (7),  and  redefining 
the  angle  9  to  represent  the  scan  angle  from  the  direction  of  phase  synchroni¬ 
zation,  the  loss  in  gain  due  to  scattering  becomes  1 

AGg(dB)  -  4.3  oj  -  4.3S[ 1  -  p(6)]  (13) 

Equation  (13)  gives  the  loss  at  a  function  of  only  two  properties  of  the 
scattering  process,  the  scatter  strength  and  the  correlation  between  phase  errors 
induced  by  the  scattering.  Being  an  autocorrelation  function,  p(0)  is  unity  when 
0  •  0  and  it  should  drop  asymptotically  to  zero  as  0  gets  large.  The  uB  loss  in  gain 
should  be  zero  at  the  origin  and  should  grow  asymptotically  toward  4.3  dB.  S  ■  1/4 
■  -6  dB  corresponds  to  AG<,  -  -1  dB.  Thus  the  intensity  of  the  scattered  field,  at  the 
array,  can  be  as  large  as  1/4  the  direct  field  intensity  without  causing  more  than 
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a  1  dB  loss  in  image  contrast. 

Data  taken  at  the  Valley  Forge  field  site  tend  to  validate  the  theory.  In 

one  experiment  involving  strong  forward  scattering  from  the  ground  midway  between 

the  array  and  the  beamforming  source,  it  was  possible  to  estimate  the  value  of 

S  [7],  In  that  experiment  the  amplitude  of  the  wave  received  from  a  source  in  the 

field  was  plotted  as  a  function  of  element  number  (monotonic  with  distance)  within 

the  array.  This  was  done  with  thw  27  m  rooftop  array  at  a  wavelength  of  30  cm. 

20  elements  were  used.  The  source-to-array  distance  wa3  240  m.  The  simple,  un- 

dulatory  variation  of  amplitude  shown  in  Figure  3  suggests  a  direct  ray  plus  a  single 

scattered  or  multipath  ray.  The  average  peak-to-valley  ratio,  observed  to  be 
u  W 

2*i:l»  equals  (1  +  S  )/(l  -  S^),.  From  these  data  the  forward  scatter  coefficient 
u  ^ 

S  ~  0.43  and  the  asymptotic  loss  should  be  less  than  1  dB.  Measurements  of  the 

type  shown  in  Figure  3  were  made  from  two  different  sources  in  the  field  at  two 

dlffel^nt  locations  and  the  results  were  almost  identical.  Based  on  these  obser- 

% 

vations,  it  is  assumed  that  S  ^  1/5  typifies  the  scattering  strength  for  this 
portion  of  the  field  site,  at  the  wavelength  used. 
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A  later  experiment  was  conducted  at  the  same  site  which  completed  the  testing 
of  the  theory.  Phase  was  measured  at  each  element  of  a  16-element  L-band  random 
array  when  a  source  was  moved  through  an  angle  of  approximately  6s  [8].  The  source 
was  at  distance  of  240  m  and  the  16  elements  were  distributed  over  the  same  27  m 
portion  of  the  laboratory  roof.  Also,  the  same  portion  of  the  field  site  was  used 
for  which  the  forward  scattering  coefficient  estimated  above  was  obtained.  Four 
such  experiments  were  conducted.  A  typical  result  showing  the  region  in  which  the 
gain  dropped  with  scan  angle  is  shown  in  the  curve  labeled  "experimental"  in  Figure 
4.  The  direction  of  adaptive  beamforming  is  at  the  left  edge  of  the  figure.  The 
abscissa  is  the  scan  angle  in  degrees  measured  at  the  array.  The  general  decrease 
in  gain  toward  an  asymptotic  value  of  about  1  dB,  as  predicted  by  the  theory.  Is 
observed.  The  undulations  in  the  experimental  results  can  be  shown  to  be  due  to 
discrete  forward-scattering  from  the  terrain  [6].  The  dashed  curve  is  calculated 
from  the  theory.  The  agreement  is  excellent.  Three  additional  experiments  yielded 
similar  results. 

The  dashed  curve  was  obtained  in  the  following  manner.  The  scattering  process 
at  che  field  site  was  modeled  as  that  of  a  single  fixed  point  reflector. 

The  correlation  function  p( 9)  was  calculated  for  this  case  (see  Section  5) . 

Using  the  expression  for  the  correlation  function  derived  in  that  section  and 
the  theory  represented  by  (13) >  the  loss  in  array  gain  was  calculated  as  a 
function  of  angle.  Parameters  of  that  expression  are  the  reflection  or  the 
forward  scattering  coefficient  of  the  terrain  S*5  and  the  coordinates  of  the 
dominant  reflecting  portion  of  the  terrain.  A  computer  search  was  made  for 
the  set  of  three  coordinates  (scattering  strength  and  location)  for  which  the 
loss  in  gain  with  scan  angle  would  most  closely  approximate  the  measured  function 
of  Figure  4.  The  computer  search  yielded  best  fit  scattering  strength  of  0.42 
which  is  In  agreement  with  the  measurements  of  Figure  3. 
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FIGURE  4.  MAINBEAM  GAIN  vs.  SCAN  ANGLE  FOLLOWING  SELF- 

COHERING  BEAMFORMING  AT  ZERO  DEGREES.  EXPERI¬ 
MENTAL  DATA  FROM  [8].  THEORETICAL  CURVE  FROM  [6], 


4.  MULTIPATH  MODELS 

Equation  (13)  gives  the  loss  of  gain  as  a  function  of  the  autocorrelation 
function  of  phase  error  in  the  array.  In  this  section  the  autocorrelation  function 
Is  calculated  for  tvo  scattering  models  and  for  three  scattering  situations  for 
each  nodal. 

Both  models  are  slngle-scatterer  models.  Realistically,  many  scatterers 
contribute  to  the  reradiation.  The  rcattered  field  in  general  is  the  linear,  vector 
superposition  of  the  reflected  encrg-s  froo  the  several  scatterers,  plus  the 
secondary  reflections  among  them.  However,  s  slngle-scatterer  model  sometimes 
suffices  if  one  of  the  scatterers  is  iwrger  than  the  vector  sum  of  the  remainder. 
This  Is  because  the  phase  of  the  field  at  any  point  is  a  nonlinear  function  of 
the  scattered  components,  even  though  the  field  itself  is  a  linear  sum: 

.  Ea.ainiji. 

«  -  tan  -=-= - -i 

rV°8*i  (14) 


'■*  '■<  ‘j. 
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In  (14)  is  the  amplitude  of  the  ith  scattered  component  and  is 
2tt/X  times  the  distance  to  that  scatterer.  Because  of  the  nonlinear  operations 
$  can  be  dominated  "by  the  phase  of  a  single,  large  scatterer.  This  non¬ 
linear  phase-capture  effect  is  assumed  in  the  discussion  which  follows.  The 

u 

amplitude  of  the  dominant  scatterer  is  S  . 

The  models  are  sketched  in  Figure  5.  The  first  model  is  a  single,  fixed-point 
reflector.  Such  a  scatterer  would  be  a  large  rock  or  a  prominent  mound  on  the 
scattering  surface.  It  also  may  be  a  shed  or  a  small  building.  The  second  model 
is  a  specular  surface  in  which  the  reflection  point  moves  with  target  position 
and  also  with  element  position  within  the  array.  The  three  cases  for  each  model 
are: 

1)  Scatterer  close  to  or  within  the  target  area.  Multiple  scattering  from  a 
Complex  target  in  which  energy  reflected  from  one  part  of  the  target  is  reflected 
from  another  surface  nearby  the  first  surface  before  returning  to  the  array. 

2)  Midpath  scattering:  is  forward-scatter  surface  reflections  from  horizontal 
or  near-horizontal  surfaces,  typified  by  low  angle  forward  surface  scattering  in 
ground-to-ground  radar  as  well  as  forward  scattering  from  the  sea  surface  in  air-to 
air  radar. 

3)  Scatterers  that  are  local  to  the  array:  within  the  radome  structure,  or 
by  floors,  walls  and  ceilings  upon  which  anterna  modules  are  located. 


5.  THE  FIXED  POINT  REFLECTOR  MODEL 


The  geometry  is  sketched  in  Figure  6.  Beamforming  source  Tq  and  target  T 
subtend  an  angle  9  at  the  array.  Let  the  direct  ray  from  T  to  array  noint  E  have 
unit  amplitude,  and  let  the  amplitude  of  the  reflected  ray  be  S*5.  The  phase  of 
the  sum  of  the  direct  and  the  reflected  energies  differ  from  the  phase  of  the 


direct  ray  by 


■  tan 


f  S'W^CTP  +  EP  -  TE)J  } 

I  1  r  2Tf  ,■==•  ,  -ZZ  C 
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where  XP  is  the  length  of  the  line  segment  connecting  points  X  and  P  . 

the  phase  error  that  affects  the  scanning  performance  is  the  difference  between 

(15)  and  the  phase  error  641  ^  in  the  direction  of  adaptive  beamforming.  The  latter 

has  the  same  form  as  (16)  with  T  replacing  T  in  that  equation.  T  and  T  are  assumed 

o  o 

to  be  at  common  altitudes.  Their  coordinates  are  related  by  x'  »  x'  -  y 1  9, 

o'o 

y'  •  y'  +  x'6,  z'  ■  2*.  The  correlation  function  p(0)  in  (13)  is  given  by 

OOO 

EU*,S4>  ]  -  E[6<UE[64>  ] 

p(Q)  •  . —  ~"T".  ■--■■■  — 

-  (EU^l)2  ^Et  64>o)2  -  (E[64,o])2  (16) 

where  E  means  expected  value. 


TARGET  OR 


FIXED  POINT 
REFLECTOR 


FIGURE  5.  TWO  FORWARD-SCATTERING  MODELS 
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p(0)was  computer  simulated  using  ( 16).  Expected  values  were  estimated  by  averaging 
over  the  actual  locations  of  the  16  elements  in  the  array  described  in  Section  3. 

The  known  locations  of  target,  beamformer  and  array  elements  were  used  in  evaluating 
<54>o  and  6^,  using  the  formulation  given  by  (15).  The  scatter  coordinates  (strength, 
position)  used  in  ( 15)  were  found  from  a  computer  search  for  the  best  fit  between 
the  predicted  losses  and  the  measured  losses.  One  such  result  was  shown  in  Figure  5. 
The  model  accurately  predicted  the  lengths  of  the  correlation  intervals  and  the 
general  character  of  the  loss  vs.  scan  angle  in  each  of  the  four  experiments. 

Table  1  shows  the  best-fit  scatter  coordinates  as  well  as  the  rms  difference 
(0^)  in  dB  between  measured  and  predicted  losses.  The  reflection  point  is  located 
approximately  midway  between  array  and  target  area. 


The  reflector  strength  Is  reasonably  consistent  from  experiment  to  experiment  and 
is  close  to  the  approximate  value  (0.43)  inferred  from  amplitude  measurements  across 
the  array  reported  earlier.  Thus  it  is  evident  that  the  scattering  process  at  this 
field  site  can  be  modeled  by  a  FPR  for  beam  scanning  experiments  following  adaptive 
beamforming. 

A  closed  form  approximation  for  p(9)  which  closely  matches  the  accurate 
expression  given  in  (16)  is  developed  in  Appendix  A. 

6 .  THE  SPECULAR  REFLECTOR 

The  geometry  for  this  case  is  shown  in  Figure  7.  The  phase  error  is  given  by 

f  S*1sin(^p  zz'/TE)  ^ 

-  tan'1  {  - 5—1  - 1 

'  jl  +  S  cos  (y- zz'/TE) j  (17) 

A  closed  form  approximation  for  the  correlation  function  p(9)  is  derived  in  [6] 


z 
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FIGURE  7.  SPECULAR  REFLECTOR  (SR)  SCATTERING  MODEL 


7.  EXTENSIONS  TO  OTHER  CASES 

Since  a  single  poinc  reflector  model,  when  applied  to  the  gain-loss  theory,  j 

satisfactorily  predicted  the  scanning  loss  for  the  field  site,  it  is  with  some 
confidence  that  the  theory  can  be  applied  to  three  common  and  Important  cases.  The 
first  is  typified  by  ground  or  sea  surface  reflections.  The  scattering  region 
generally  is  somewhere  between  target  and  array,  the  exact  location  depending  upon 
their  heights  above  the  ground  plane  and,  for  the  SR,  the  slope  of  the  ground  plane. 

The  second  case  involves  a  reflecting  object  near  the  target  or  a  large  target  ^  j 

structure  having  parts  separated  by  more  than  a  beamwldth.  It  can  be  above  or 

/.  i 

below  tlje  target  and  can  have  arbitrary  orientation  and  location.  The  third  case 
involves  reflectors  in  or  near  the  array.  A  different  reflector  is  assumed  for  each 
antenna  element;  that  is,  each  element  is  influenced  only  by  its  immediate  physical 
surroundings.  This  last  case  pertains  to  a  large  array  having  widely  spaced  elements  ' 
in  which  the  reflections  may  arise  from  the  walls  or  floors  or  supports  for  the  antenn.*?*  j 
modules.  In  each  case  the  correlation  function,  which  is  the  necessary  ingredient  i 

for  the  calculation  of  the  gain-loss,  can  be  developed  [6].  They  are  listed  in 


Table  2. 
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TABLE  2.  CORRELATION  FUNCTION  AND  CORRELATION  INTERVAL 
FOR  FIXED  POINT  AND  SPECULAR  REFLECTORS. 


It  is  evident  from  (13)  that  the  loss  in  main-beam  gain  is  small  when  the 
correlation  function  is  nearly  unity  (small  scan  angle)  and  is  asymptotically  large 
when  the  correlation  drops  toward  zero.  The  scan  anvle  interval  in  which  the  loss 
grows  from  zero  to  nearly  the  maximum  value  (4.3S  dB)  may  be  called  the  correlation 
interval.  This  quantity,  6c>  and  not  the  shape  of  p(6),  is  the  pertinent  charac¬ 
teristic  of  the  correlation  function.  It  is  given  in  Table  2  for  the  six  cases  studied 


The  symbols  used  in  Table  2  are  the  following:  z  is  the  elevation  of  the  array.  - 

k\  y'  and  z'  are  the  target  coordinates.  N  is  the  number  of  antenna  elements.  R  is 
Che  distance  from  array  center  to  target.  AR  is  the  distance  between  the  reference 
target  and  the  reflection  point.  Ax,  Ay  and  Az  are  the  components  of  AR  in  the  x.y  and- 
z  directions,  respectively.  A6  -  XR/Lx*  is  the  beamwidth  of  the  array  in  the  direction 
of  the  target.  0  is  the  scan  angle  following  adaptive  beamforming.  A  and  B 

are  statistical  parameters  relating  to  the  distribution  of  many  reflectors  near  the  , 
array.  It  is  assumed  that  each  element  receives  scattered  energy  only  from  a  single 
reflector  and  that  that  reflector  is  different  for  each  element.  The  latter 
assumption  follows  from  the  large  size  of  the  array  and  large  spacing  between 
elements  implicit  in  [1].  The  distance  between  each  element  and  Its  reflection 
point  is  a  random  variable  uniformly  distributed  between  -A/2  to  A/2  in  the 
x  direction  and  between  -B/2  and  B/2  in  the  y  direction  . 

8 .  OBSERVATIONS  ' 

A  useful  scalefactor  for  the  correlation  interval  is  the  beamwidth  of  the  array. 

*  • 
A  correlation  interval  of  a  beamwidths  means  that  the  radio  camera  can  scan  approxi-  < 

raately  n  beamwidths  to  the  left  and  n  beamwidth  to  the  right  without  significant  . 

scattering  losses. 

i 

The  first  line  in  the  correlation  interval  column  of  Table  2  pertains  to  the 
forward  scanning  sector  of  the  array  while  the  second  line  pertains  to  the  end-fire 
region.  The  former  region  is  the  one  of  dominant  interest.  In  this  region,  the 
correlation  interval  is  more  than  N  beamwidths.  This  means  that  scanning  is  essen¬ 
tially  lossless  in  an  angular  sector  i  NA9  when  the  multipath  sources  are  located 
within  or  very  close  to  the  array.  This  is  true  for  both  scattering  models. 

The  mid-path  specular  model  Is  more  complicated.  The  correlation  Interval  Is  very 
sensitive  to  array  and  target  heights.  The  correlation  interval  nearly  vanishes 
when  the  array  and  target  both  are  airborne,  while  it  can  extend  over  the  entire 

I 

forward  scanning  sector  for  low  angle  scattering. 

In  the  last  three  cases,  decorrelation  occurs  within  one  beamwidth  of  the  array; 
hence,  the  asymptotic  loss  4.3S  dB,  may  be  presumed  to  pertain  everywhere  for  these 


cases . 
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9.  SUMMARY 

A  theory  has  been  developed  to  predict  the  effect  of  phasefront  distortion 
due  to  multipath  and  scattering  on  the  quality  of  the  imaging  process  with  the 
radio  camera.  The  measure  used  is  the  loss  in  array  gain  due  to  the  scattered  field, 
as  a  function  of  scan  angle  from  the  direction  of  adaptive  beamforming.  The  loss 
can  be  described  by  a  simple  relationship  involving  only  two  quantities:  the  strength 
S  of  the  scattered  field  relative  to  the  direct  field  and  a  spatial  correlation 
function  p(6)  associated  with  the  scattering  process.  The  argument  9  is  the  scanning 
angle  away  from  the  beamforming  direction.  The  loss  in  array  gain  due  to  scattering 
is  given  by 

AGs(dB)  -  4.3S  (l-p(9) )  d8) 

A  series  of  experiments  conducted  to  test  the  assumptions  underlying  the  development 
of  the  theory  appear  to  vindicate  them. 

The  theory  is  applied  to  several  Important  cases  of  interference  caused  by 
reflections.  Those  cases  relate  to  scatterers  in  the  array  region,  somewhere  between 

the  target  and  the  array,  and  in  the  target  region.  For  each  case  two  reflector 
models,  a  specular  reflector  and  a  fixed  point  reflector,  were  considered.  Pre¬ 
dicted  degradations  in  beam  quality  for  each  case  were  calculated.  These  models 
correspond  to  such  scatterers  as  a  horizontal  smooth  ground  plane,  a  mound  or  other 
prominent  ground  reflector,  a  building  in  the  target  region,  or  walls  and  antenna 
support  structures  in  the  neighborhood  of  the  array. 

The  most  important  parameter  associated  with  the  correlation  function  p(9)  is 
the  correlation  interval.  The  correlation  interval  is  the  angular  scanning  distance 
from  the  direction  of  adaptive  beamforming  relatively  free  from  scattering  losses. 

The  correlation  interval  was  studied  for  the  several  cases  of  reflection.  It 
was  found  that  for  reflections  due  to  one  fixed  point  reflector  or  due  to  a  building 
in  the  target  region  the  correlation  interval  is  less  than  a  beamwidth.  For  those 
cases  the  theory  (]_3)  requires  only  one  parameter  S  in  order  to  predict  the  effect 


E-35 


-19- 


of  the  scattered  field  on  the  quality  of  the  imaging  proces.  When  the  reflectors 
are  located  in  the  immediate  vicinity  of  the  array  and  when  each  element  is  exposed 
to  a  different  reflector,  then  a  minimum  of  about  N  (number  of  elements)  bearnwidths 
can  be  scanned  without  significant  scattering  loss,  provided  that  the  typical  dis¬ 
tance  between  element  and  its  reflector  is  smaller  than  half  the  average  distance 
between  two  elements. 

When  th^  reflection  is  due  to  a  specular  earth  or  sea  surface,  the  correlation 
interval  is  very  large  provided  that  the  grazing  angle  is  small.  In  that  case 
the  radio  camera  can  perform  nearly  unlimited  scanning  without  significant  loss 
due  to  scattering. 

APPENDIX  A 

FIXED  POINT  REFLECTOR  (FPR)  SCATTERING  MODEL 


In  this  section,  a  closed  form  approximation  for  p(0)  associated  with  W 

this  case  is  developed.  Accepting  the  assumptions  inherent  in  the  theory 
which  leads  to  (13),  i.e.,  E(5$^)  ■  E(6$o)  and 

E(5<».)2  -  E(6<t>  )2  -  -  S/2,  p(9)  reduces  to  •! 

i.  o  o 

p(0)  -  E[5d>160ol/|-  <A1) 

Referring  to  Figure  3,  for  S  ^  0.5  <5$^,  can  be  expressed  as 

u  u 

$4^  -  S^ain'^,  5<j>o  -  S^sin’^  (A2;  _ 

where  4^  are  the  respective  phases  of  the  scattered  signal  associated  with  the  J 

beamforming  look  direction  and  with  the  direction  9.  -  Ssinip^sin^  - 

g  ~ 

-  cos(^^-HpQ)  ]  •  Since  are  arbitrary  values  In  the  Interval  [0,2tt] 

we  can  assume  that  E[cos(ij^-Hjio]  ■  0.  Therefore,  p(0)  "  EjcosC^^-^)  1  •  (A3) 

From  the  geometry  of  Figure  6,  and,  therefore,  ^  are  given  by 


*i  “  -y-(TP+EP-TE)  ,  ^  -  X  (ToP+EP-ToE) 

^l  _  ”  xl(”i“V)  “  (te~V)] 


(A4) 
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than  other  samples?  No  justification  for  such  windowing  is  clear.  Perhaps 
a  similar  approach  to  that  of  the  overlapped  weighted  periodogram 
technique  proposed,  in  (4’.  which  treats  all  data  samples  more  nearly 
equal,  should  be  consider  :d  if  weighting  is  to  be  used  for  least  squares 
estimates. 

As  a  counterexample  to  the  claim  that  weighting  the  data  improves  the 
least  squares  estimate,  consider  the  results  of  the  least  squares  sinusoidal 
fit.  performed  without  weighting,  as  shown  in  (1.  Table  V|.  Sinusoids  1-3 
in  the  table  correspond  to  the  three  true  sinusoids  in  the  64-point  data 
epoch.  The  amplitude,  phase,  and  frequency  estimates  are  closer  to  the 
true  values  than  those  values  estimated  with  the  weighted  technique 
proposed  above.  The  true  initial  phases  were  126*.  162*.  and  166  * . 
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Two-Dimensional  Imaging  with  a  Radio  Camera 

BERNARD-D.  STEINBERG.  WILLIAM  WHISTLER,  and 
DONALD  CARLSON 

Aburact— In  the  radio  camera,  adaptive  control  techniques  self-cohere 
the  antenna  elements  of  a  phased  array,  thereby  permitting  the  system  to 
be  distorted  and  even  time  varying.  By  doing  so,  enormous  antenna  arrays 
can  be  constructed. 

A  two-dimensional  (range-angle)  radio  camera  imaging  experiment  is 
reported.  A  39- m,  X-band  (3-cm  wavelength)  array  was  formed  on  a  cable 
strung  between  two  towera,  each  10  m  high,  on  a  hilltop.  A  pulsed 
microwave  transmitter  on  the  hilltop  illuminated  the  vicinity  of  Phoenix- 
vine,  PA,  some  7  km  distant.  As  the  receiver  was  moved  along  the  cable, 
echoes  were  recorded  at  random  positions.  The  time-shared  receiving  array 
was  highly  distorted  as  well  as  time-varying,  yet  the  radio  camera  process¬ 
ing  produced  nearly  dlffraction-Umited  images  of  three  city  blocks  at  a 
distance  of  6^  lun  in  the  town,  and  details  of  a  power  plant  at  a  distance  of 
R2km. 

The  use  of  two  different  pilot  signals  or  beamforming  sources  for  the 
self-synchronization  process  is  demonstrated.  One  source  is  a  comer 
reflector  located  in  the  town;  the  other  is  a  target  of  opportunity  located  in 
the  vicinity. 

The  radio  camera  technique,  first  described  in  [l],  permits  an  antenna 
array  to  he  arbitrarily  large  notwithstanding  distortions  tn  its  surface 
resulting  from  structural  nonrigidity,  or  variations  in  the  medium’s  refrac¬ 
tive  index.  Steinberg  er  at.  (2)  showed  (he  first  experimental  results  of 
early  radio  camera  experimentation,  and  demonstrated  a  one-dimensional 
(angle  only)  diffraction-limited  capability  of  a  radio  camera  under  condi¬ 
tions  of  severe  aperture  distortion.  Algorithm  and  general  procedures  arc 
described  in  (3)  Steinberg  and  Yadin  (4)  demonstrated  use  of  the  algo¬ 
rithm  in  airborne  radar.  This  letter  reports  on  the  first  two-dimensional 
(range-angle)  radio  camera  experiment. 

The  experiment  employed  a  39-m-length  antenna  operating  at  3-cm 
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Fig.  1.  Schematic  of  radar-imaging  experiment. 


wavelength:  The  antenna  consisted  of  a  random  array  having  200  sample 
points  uniformly  distributed  over  the  length.  Direction  of  view  was  32° 
from  array  normal.  The  theoretical  diffraction-limited  heamwidth  of  a 
proper,  rigid  structure  having  these  parameters  is  AS  -  0  XX\/  LcosS  - 
0.83  mrad. 

Fig.  1  is  a  schematic  of  the  experiment.  A  3-cm  transmitter  having  a 
60-ns  pulse  radiated  1000  pps  in  the  direction  of  Phoemxville.  A  single 
microwave  receiver  having  a  1  -ft  dish  was  mounted  on  a  trolley  which  was 
positioned  along  the  cable  by  a  clothesline  and  pulley  arrangement.  The 
experiment  was  bistatic  and  time-shared.  As  the  receiver  was  pulled  along 
the  39-m  cable,  a  read  command  was  given  to  it  200  times  at  prede¬ 
termined  but  randomly  distributed  locations  of  the  receiver.  Because  the 
clothesline  was  nonrigid.  antenna  positions  along  the  cable  at  instants  of 
pulse  transmission  were  uncertain  to  at  least  the  order  of  a  wavelength. 
The  antenna  elevation  was  also  varied  with  receiver  position  along  the 
cable  because  of  progressive  cable  deformation  as  the  receiver  was  moved 
along  it.  In  addition,  the  receiving  system,  swaying  with  the  breeze,  was 
uncertain  in  position  in  the  direction  of  the  target  by  several  wavelengths. 
With  such  uncertainties  in  receiver  position  at  times  of  pulse  transmission, 
the  expected  image  in  the  absence  of  adaptive  self-cohering  of  the  system 
would  be  a  noise  field. 

One  target  area  was  a  few  city  blocks  in  Phocnixville.  a  distance  of  6.5 
km  from  the  Valley  Forge  Research  Center  of  the  University  of  Pennsyl¬ 
vania.  An  optical  telephoto  image  of  the  target  area,  taken  from  the  array, 
is  shown  in  Fig.  2(a).  The  central  portion  shows  houses  and  street  patterns 
in  the  region  imaged  by  the  system.  The  lower  left-  and  right-hand 
portions  are  obscured  by  trees  In  the  upper  central  region  is  a  park  in 
which  a  1.2-m  comer  reflector  was  placed:  The  park  is  about  0.5  km 
beyond  the  target  area.  Echoes  from  the  comer  reflector  provided  the 
reference  signal  for  phase  synchronizing  or  self-calibrating  the  distorted 
array. 

Received  signals  were  delivered  to  a  processor  which  searched  in  range 
for  an  echo  sequence  across  the  array  that  appeared  to  originate  from  a 
point  source.  The  processor  inevitably  found  the  comer  reflector  echo. 
Echoes  from  the  comer  reflector  range  bin  were  co-phased  by  the  algo¬ 
rithm  (see  [3])  and  the  beam  that  was  formed  was  scanned  to  the  target 
area.  A  one-dimensional  angle  scan  was  made  at  each  range  bin.  The 
sequence  of  angle  scans  formed  the  two-dimensional  image  shown  in  Fig. 
2(b).  The  longitudinal  dimension  is  range  and  transverse  direction  is 
azimuth  or  cross  range.  This  figure  is  a  1-bit  photograph  of  a  color  display 
and  therefore  contains  no  gray  level.  Street  lines  and  names  were  scribed 
onto  the  image  (white  dotted  lines  on  Fig.  2(a)  identify  mapped  streets  on 
the  telephoto). 

Range  resolution  measurable  in  the  data  is  9  m.  exactly  as  expected 
from  the  60-ns  pulse  transmission.  Measured  cross-range  bcamwidth  is 
0.85  mrad.  corresponding  to  a  cross-range  dimension  of  5.5  m  at  a  target 
distance  of  6.S  km.  Angular  or  cross-range  bcamwidth  was  measured 
using  a  deflection- modulated,  one-dimensional  angle  scan  from  some 
arbitrary  range  in  the  image.  Width  of  the  narrowest  response  was  taken 
to  be  the  system’s  cross-range  beamwidth. 
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Fig.  2.  Radar  targets  in  Phoenixville.  PA  (houses,  streets),  (a)  Optical  tele¬ 
photo  from  antenna  site,  (b)  Radar  image. 


The  large  target  on  the  right-hand  side  of  Marshall  Street  in  Fig.  2(b)  is 
believed  to  be  a  (nick,  because  that  target  did  not  appear  in  subsequent 
images. 

Fig.  3  shows  images  of  another  target,  a  power  plant  some  8.2  km 
distant  from  the  array.  Fig.  3<a)  is  an  optical  telephoto  < from  the  antenna 
site)  of  the  radar-visible  features  of  the  plant  (portion  inside  the  delin¬ 
eated  area):  Fig.  3(b)  and  (c)  are  radar  images  of  these  features.  The  1.2-m 
comer  reflector,  located  at  the  same  place  as  for  Fig.  2(b).  was  used  for 
Fig.  3(b):  however,  a  radar  target  of  opportunity  was  used  for  adaptive 
beamforming  for  the  image  in  Fig.  3(c).  The  target  of  opportunity  was  the 
northernmost  smokestack  of  the  power  plant,  and  is  indicated  by  the 
arrows  on  Fig.  3(a)  and  (c).  Fig.  3(b)  and  (c)  show  the  same  targets  and 
are  of  essentially  equal  quality  indicating  that  man-made  structures  may¬ 
be  adequate  for  phase  synchronizing  the  array.  Outlines  of  the  power 
plant’s  major  buildings,  stacks,  and  structures,  have  been  added  manually 
to  the  images  to  indicate  the  related  positions  of  the  plant's  radar-visible 
features  (i.e..  radar  visible  only  above  the  masksing  trees  and  ground 
elevations  near  the  plant,  as  observed  from  the  antenna  site). 

Summary  :  Radio  camera  microwave  images  of  portions  of  Phoenixville, 
PA,  are  shown.  They  are  obtained  from  a  highly  distorted  and  nonrigid 


Fig  3.  Optical  and  radar  images  of  portions  of  a  power  plant.  The  distance  is 
8.2  km.  (a)  Optical  telephoto  from  the  radio  camera  array,  (b)  Radar  image. 
Beam  former  was  a  1.2-m  comer  reflector  (same  one  and  in  same  place  as  for 
Fig  2)  (c)  Radar  image  Beamformer  was  a  target  of  opportunity.  The 
arrows  here  and  in  (a)  indicate  the  image  and  photo  of  the  smokestack  target 
used  as  a  beamformer. 


39-m-Iength  phased  array  operating  at  3-cm  wavelength.  The  images  are 
diffraction-limited,  notwithstanding  the  severe  distortion.  Electrical  phase 
compensation  is  made  for  the  distortion  based  upon  echoes  from  a  comer 
reflector  in  one  experiment,  and  from  the  comer  reflector  and  an  un¬ 
known  target  of  opportunity  in  the  second  one. 
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An  airborne  radar  with  a  phased  array  the  size  of  the 
ait  craft  would  have  many  desirable  attributes  [1]:  (1)  for 
fixed  transmitter  power,  the  large  aperture  would  pro¬ 
vide  unusually  large  detection  range;  (2)  for  a  given 
desired  performance,  the  transmitter  power  could  be 
reduced  dramatically;  (3)  the  small  horizontal  beam- 
width  would  offer  a  resolving  power  approaching 
human  vision,  which  is  a  few  milliradians;  (4)  adaptive 
interference  cancellation  circuits  [2-4)  operating  from 
the  large  aperture  would  suppress  jamming  very  close  to 
the  beam  axis. 

An  aircraft-size  array  would  consist  of  flush- 
mounted  antenna  elements  distributed  throughout  the 
skin  of  the  aircraft.  Structural  members,  doors,  win¬ 
dows,  etc.,  would  preclude  a  regular  distribution  of  ele¬ 
ment  locations.  Furthermore,  the  nonrigidity  of  the  air¬ 
frame  and  skin  would  displace  the  elements  from  their 
design  positions  when  in  flight.  Thus  the  design  prin¬ 
ciples  must  be  based  upon  the  properties  of  the  random 
array  [5,  6]  and  seif-cohering  or  adaptive  beamforming 
techniques  must  be  used  to  compensate  for  the  time- 
varying  positions  of  the  array  elements  [7-9].  Such  a 
system  is  called  a  “radio  camera.” 

Adaptive  beamforming  is  a  retrodirective  process  in 
which  a  beam  is  focused  upon  a  synchronizing  source 
external  to  the  array  [10,  1 1].  The  synchronizing  source 
for  an  airborne  radio  camera  must  be  another  aircraft,  a 
surface  target,  or  clutter  [12]. 

An  airborne  radio  camera  can  use  a  conventionally 
designed  transmitter  and  a  distributed  receiving  array. 
Alternatively,  transmission  as  well  as  reception  can  take 
place  through  the  self-cohered  array.  The  latter  is  a 
much  more  formidable  problem.  Means  for  accom¬ 
plishing  it  is  the  subject  of  this  paper. 

The  main  reason  for  accepting  the  increased  com¬ 
plexity  of  the  transmit-receive  system  is  because  of  the 
poor  sidelobe  properties  of  the  one-way  pattern.  The 
sidelobes  of  the  random  array  are  high  because  of  the 
random  locations  of  the  elements:  the  average  sidelobe 
level  is  A'tl  (N  »  number  of  elements)  [5]  and  the  peak 
sidelobe  level  is  10  dB  higher  or  more  [6],  By  transmit¬ 
ting  through  the  same  array  the  side  radiation  pattern  is 
squared,  average  sidelobe  power  level  (ASL)  drops  to 
N-\  and  PSL  =  100  Af*. 

Symbols  and  abbreviations  used  in  this  paper  are 


ASL 

average  sidelobe  power  level 

BPF 

bandpass  filter 

N 

number  of  elements 

PCC 

phase  conjugating  circuit 

PLL 

phaselock  loop 

PSL 

peak  sidelobe  power  level 

VCO 

voltage  controlled  oscillator 

VCPS 

voltage  controlled  phase  shifter. 
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D.  INITIALIZATION  OF  THE  ARRAY 

Synchronization  or  self-cobering  of  a  random, 
distorted  receiving  array  has  been  amply  demonstrated 
(9,  27].  An  external  reference  field  is  required,  as  in 
holography.  Measurements  of  the  field  disclose  the 
phase  corrections  'o  be  made  at  each  antenna  element. 
The  array  is  then  scanned  as  a  phased  array.  When 
transmitting  through  the  same  array,  however,  a  logical 
difficulty  is  encountered.  The  external  reference  field 
needed  to  cohere  the  array  must  first  be  set  up  by  the 
transmitter  before  the  array  can  be  used  for  transmis¬ 
sion. 

A  variety  of  techniques  can  be  used  to  break  this 
conundrum. 

(1)  The  first  is  to  overdesign  the  transmitter  by  the 
necessary  margin  of  N,  the  number  of  antenna 
elements,  which  is  the  relative  gain  of  the  synchronized 
array  to  the  nonsynchronued  array.  This  is  a  costly 
choice. 

(2)  Use  a  separate  high  gain  illuminator  for  initial 
synchronization  and  transfer  power  to  the  array  after¬ 
wards.  This  is  a  sound  approach  when  an  auxiliary 
transmitter  is  available. 

The  auxiliary  radar  transmitter  could  be  a  nearby 
radar  operating  in  the  same  frequency  band  but  not  at 
the  same  frequency.  Target  reflections  at  that  frequency 
can  successfully  phase  synchronize  tht  receiving  system. 
Phase  conjugation  of  the  received  waveforms  results  in 
a  receiving  beam  focused  at  the  source  (7-9].  However, 
since  the  transmission  of  the  phase-conjugated  waves 
from  the  antenna  elements  is  at  a  slightly  different  fre¬ 
quency,  the  transmitting  beam  is  offset  somewhat,  an 
effect  which  must  be  pi  evented  by  special  phase  con¬ 
jugation  circuits  of  the  the  type  described  by  Chernoff 
in  (13].  An  important  advantage  is  obtained  in  using  a 
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lower  frequency  for  initial  synchronization  on  a  target 
reflection,  for  then  the  lobes  of  the  reradiation  pattern 
are  widened  by  the  frequency  ratio,  thereby  easing  a 
size-limitation  tolerance  on  the  synchronizing  source 
(8].  Instead  of  a  passive  source  the  auxiliary  radar  could 
actuate  an  active  beacon  which  would  radiate  to  the  ar¬ 
ray  at  the  design  frequency  to  self-cohere  the  array.  This 
avoids  the  angular  offset  or  "squint.” 

(3)  A  rigid  subarray  of  the  full  system  can  be  used 

for  coherent  transmission  of  a  broad  beam  to  establish 
the  reference  field.  . 

(4)  The  entire  array  can  be  driven  noncoherently 
prior  tc  seif-phasing,  in  which  case  the  average  power 
density  is  N”  times  the  full  power  density  of  the  system 
after  the  array  is  synchronized.  Although  this  loss  is 
large,  it  can  be  compensated  through  use  of  a  beacon  or 
by  initializing  on  the  reflected  signal  from  a  nearby 
target.  The  squint  problem  is  avoided  since  synchroniza¬ 
tion  is  at  the  system  frequency.  The  method  is  effective 
when  synchronizing  upon  target  reflections  because  of 
the  R~*  dependence  of  received  signal  power  on  target 
distance.  To  overcome  a  30  dB  initializing  disadvantage 
( N  ■  1000)  the  reference  reflection  must  be  located  no 
further  than  18  percent  of  the  maximum  distance  at 
which  it  could  be  placed  if  the  transmitters  were 
cohered.  This  distance  reduces  to  10  percent  when  N  - 
10*.  This  technique,  appropriate  for  an  airborne  system 
using  ground  or  sea  clutter  for  the  reference  target  (12, 
28],  is  illustrated  in  Fig.  1.  Two  modules  of  the  array  are 
shown.  Each  consists  of  an  antenna  element,  circulator 
(or  other  diplexer),  receiver,  phase-stable  reference 
oscillation  common  to  the  entire  array,  transmitter 
phase  Jhifter,  mixer,  local  oscillator  cohered  in  frequen¬ 
cy  to  the  reference  wave,  and  pulsed  power  amplifier. 

To  initialize  the  system  each  module  radiates  an  RF 
pulse  having  common  system  frequency  and  random 
phase.  The  instantaneous  transmission  phase  of  the 
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wave  from  the  /th  module  may  be  designated  w«/  + 
This  wave  arnves  at  the  synchronizing  source  with  delay 
*  ♦»  *  ♦«.  where  is  the  phase  delay  from  the 
module.  The  combined  illumination  at  the  reflector  or 

beacon  is  2  a>  exp  ■/(<*>/  +  <b/  -  (p^),  the  instantaneous 

phase  of  which  is  <^r  +  <p)t  the  subscript  meaning  source. 
The  source  wave  is  returned  to  the  array  with  a  different 
phase  delay  <b,  at  each  module.  Thus  the  signal  phase 
received  by  the/th  module  is  w*/  . 

To  focus  the  transmitting  beam  upon  the  Source  the 
radiation  from  the/th  module  must  be  changed  from 

*  ~  *>,  to  “V  +  d> ,  +  <*><>  where  <D0  is  an  arbitrary 

phase  constant  across  the  array.  This  is  the  phase  con¬ 
jugation  step  needed  to  achieve  retrodirectivity.  which  is 
the  heart  of  the  process. 


ffl.  PHASE  CONJUGATION  TECHNIQUES 

Retrodirectivity  requires  phase  conjugation  at  each 
element,  which  in  turn  demands  symmetry  with  respect 
to  some  reference.  If  4«(x;6«)  is  the  phase  of  the  received 
wave  at  position  x  in  the  array  due  to  a  synchronizing 
source  at  angle  0O,  and  is  the  transmitted  phase 
variation  needed  to  achieve  retrodirectivity,  the  required 
*^on  is  plus  an  arbitrary  cons¬ 

tant.  This  equation  implies  the  existence  of  some 
re  erence  phase  from  which  <f>r  and  <bf  may  be  measured. 
The  symmetry  can  exist  in  more  than  one  domain. 
Spatial  symmetry  is  utilized  in  one  of  the  oldest  forms  of 
retrodirective  array,  the  Van  Atta  array  (14,  15],  Sym¬ 
metrical  sidebands  in  the  frequency  domain  is  another. 
A  'nZ  p*‘red’  symmetrical  phase  shifters. 

Dependence  upon  spatial  symmetry  is  inappropriate 
for  an  airborne  array  distributed  about  the  airframe. 
Here  the  array  is  assumed  to  be  distorted,  random,  and 
highly  thinned. 

The  other  two  techniques  are  practical.  The  use  of 
symmetrical  sidebands  is  illustrated  in  Fig.  2.  Let  a 
signal  characterized  by  the  real  (or  imaginary)  pan  of 
+  <*))  be  received  and  heterodyned  (mixed) 
with  a  local  oscillator  at  frequency  The  mixer  prod- 

uctsareexpO'fwio  +  +  and  expi/U^  -  ujq)i 


—  <b)j.  The  sidebands  are  symmetrically  displaced  about 
the  local  oscillator  frequency  and  the  lower  sideband  has 
the  desired  phase.  Further,  if  the  local  oscillator  fre¬ 
quency  is  made  exactly  twice  the  frequency  or  the  re¬ 
ceived  signal,  the  lower  sideband  is  exp(y(<«V  -  4>)] . 

In  Fig.  2,  the  input  signal  at  frequency  uj0  ahd  phase 
♦  (indicated  by  the  instantaneous  phase  w  +  ♦)  is  pass¬ 
ed  through  a  circulator  where  it  mixes  with  the  second 
harmonic  at  an  arbitrary  phase  |».  The  difference  fre¬ 
quency  output  of  the  mixer,  at  w»,  is  passed  by  the 
bandpass  filter  to  the  amplifier.  The  phase  of  this  signal 
is  btoi  +  This  signal  is  amplified  and  radiated. 

Provided  that  4o  is  constant  across  the  array,  the  radia¬ 
tion  is  retrodirective. 

This  circuit  is  useful  for  illustration  but  has  two 
limitations  which  keep  it  from  being  a  practical  circuit. 
First,  the  down-converting  mixer  is  a  source  of  trouble 
because  of  the  harmonic  relation  between  the  signals  at 
its  inputs.  Being  a  nonlinear  circuit  the  second  harmonic 
of  its  fundamental  frequency  input  will  be  generated.  A 
current  due  to  the  second  harmonic  will  flow  in  the 
source  impedance  of  the  second-harmonic  input  circuit, 
thereby  altering  the  phase  of  the  reference  signal  at  2u>„. 
Also  direct  feedthrough  of  the  input  signal  to  the  output 
will  alter  the  phase  of  the  output  signal.  Either  the  fre¬ 
quency  of  the  reference  signal  must  be  different  from 
2 wo  to  avoid  these  troubles  or  the  mixer  must  be  careful¬ 
ly  balanced  so  that  neither  second  harmonic  generation 
nor  input-output  leakage  will  affect  the  phase  of  the 
radiated  wave. 

The  second  problem  is  that  this  circuit  transmits  an 
amplified  replica  (with  conjugated  phase)  of  the  receiv¬ 
ed  radar  trace  concurrent  in  time  with  the  received 
signal.  However,  the  desired  transmission  is  an  RF  pulse 
(with  conjugated  phase)  occurring  at  a  later  time.  This 
means  that  the  echo  received  from  the  synchronizing 
source  must  be  sampled,  its  phase  extracted,  conjugated 
and  applied  to  an  oscillation  at  the  echo  frequency, 
which  is  gated  at  the  appropriate  time,  amplified,  and 
radiated. 

Figs.  3-7  show  several  circuits  for  accomplishing  this 
task.  They  differ  in  their  means  of  storage  of  the  phase 
information  (as  the  phase  of  a  coherent  oscillator,  e.g., 
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as  in  a  pbasdock  loop  (PLL)  [16*21],  or  as  a  digital 
number  is  the  signal  processor  of  the  system),  according 
to  whether  control  of  the  phase  shifter  through  which 
the  signal  to  be  transmitted  is  passed  is  open  loop  or 
dosed  loop,  and  according  to  the  choices  of  com¬ 
ponents,  e.g.,  analog  versus  digital  phase  shifters. 

Fig.  3  shows  a  means  of  phase  conjugating  when  a 
digital  signal  processor  is  used  to  combine  the  signals 
received  from  the  distributed  array  elements.  The 
received  signal  is  shown  as  an  echo  pulse  having  instan¬ 
taneous  phase  <u«/  •+*  It  is  heterodyned  to  IF  by  a  local 
oscillator  at  frequency  uL0  having  some  arbitrary  phase 
a.  The  LO  is  assumed  to  be  cohered  to  the  reference 
wave  at  the  intermediate  frequency  o».  The  phase  0  of 
the  reference  is  assumed  to  be  constant  across  the  array. 
The  IF  pulse,  with  instantaneous  phase  ux  +  +  -  a,  is 
delivered  to  the  signal  processor.  The  signal  processor 
measures  the  phase  relative  to  the  phase  of  some 
reference  element  in  the  array,  whose  phase  is  arbitrarily 
identified  as  zero  phase.  Since  all  signals  entering  the 
signal  processor  experience  the  same  phase  offset  a,  the 
local  oscillator  phase  cancels  out.  The  negative  of  the 
measured  signal  phase  +  is  delivered  as  a  control  voltage 
to  a  voltage  controlled  phase  shifter  (VCPS)  in  the 
reference  signal  path.  The  output,  having  instantaneous 
phase  ux  -  ^  +  0,  is  up  converted  to  form  the  transmit¬ 
ted  wave.  The  transmitted  phase  isajo-^  +  0  +  e.  Pro¬ 
vided  that  0  and  a  are  constants  across  the  array,  the 
transmitted  wave  is  the  phase  conjugate  of  the  input 
signal. 

The  accuracy  to  which  the  signal  processor  measures 
4  (or  -4)  is  influenced  by  noise  and  multipath. 
However,  the  precision  with  which  this  measurement  is 
made  and  held  for  delivery  to  the  phase  conjugation  cir¬ 
cuit  can  be  made  arbitrarily  fine;  it  is  determined  by 
how  many  significant  figures  or  bits  are  used  in  the 
measurement.  Thus  the  quality  of  the  delivered  value 
need  be  no  poorer  than  that  of  the  measured  +$. 

Errors  develop  when  the  phase  shifts  through  the 
system  are  not  tuned  out.  Let  the  phase  shift  be  6  from 
the  antennna  to  the  VCPS  through  the  circulator, 
receiver,  and  signal  processor.  The  output  of  the  phase 


shifter  then  becomes  o>/  -  $  -  6  +  0.  Let  the  phase  shift 
be  n  in  the  transmitting  chain  from  VCPS  to  the  antenna 
through  the  transmitter  and  circulator.  The  radiated 
wave  becomes  a*/  -  ^-d+0  +  a  +  rj.  Its  phase  is  in 
error  by  -6  +  rj.  The  variance  of  this  error  (in  square 
radians)  across  the  array,  multiplied  by  10  log  e,  is  the 
expected  loss  in  array  gain  in  decibels  [12].  For  example, 
1/4  rad*  phase  error  variance  leads  to  a  loss  in  mainlobe 
gain  of  1  dB.  Thus  each  module  must  be  carefully  tuned 
to  balance  the  phase  shifts  in  the  receiving  and  transmit¬ 
ting  chains. 

The  circuit  of  Fig.  3  stores  the  signal  phase  in  the 
signal  processor  and  uses  open-loop  phase  control.  The 
next  circuit  (Fig.  4)  retains  open-loop  phase  control  but 
remembers  the  signal  phase  in  a  PLL.  This  circuit 
also  demonstrates  the  use  of  paired,  symmetrical  phase 
shifters.  The  receiver  chain  is  the  same  as  in  Fig.  3  to 
point  A,  at  which  point  the  circuit  branches.  The  receiv¬ 
ed  signal  continues  to  the  signal  processor  as  before.  It 
also  is  applied  to  the  input  port  of  the  phase  detector  in 
a  PLL  in  which  the  controlled  element  is  a  VCPS  rather 
than  the  more  common  voltage-controlled  oscillator 
(VCO).  The  control  voltage  in  the  loop  drives  the  phase 
of  the  signal  at  the  VCPS  to  be  in  quadrature  with  the 
input  IF  signal.  As  in  the  earlier  system  the  signal 
through  the  VCPS  is  the  reference  oscillation  at  w  with 
arbitrary  phase  0.  Hence  the  loop  drives  the  VCPS  to  a 
phase  shift  $  -  a  -  0  -  n/2.  Ganged  to  the  VCPS  is  a 
matched  phase  shifter  with  opposite  phase.  Its  phase  is 
-  $  +  a  +  0  +  tt/2.  While  the  phase  of  the  VCPS  is  set  in 
a  closed  loop,  the  paired  phase  shifter  is  set  open  loop. 
Carefully  matched  analog'phase  shifters  are  required; 
otherwise  digital  phase  shifters  must  be  used. 

Digital  phase  shifters  generally  are  preferable.  The 
number  of  discrete  phase-shift  components  required  is 
easily  calculated.  If  m  is  the  number  of  quantization  bits 
and  M  is  the  number  of  levels  of  quantization,  the 
relation  between  them  is  given  by  M  =  2".  The  loss  in 
gain  as  a  function  of  the  number  of  quantization  bits  is 
[12] 

loss  in  gain  (dB)  =  20  log  [sin(rt/2’")/(Tt/2")].  (1) 
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A  quantization  value  of  two  bits  limiu  the  loss  to  less 
than  I  dB,  a  value  of  three  bits  to  less  then  1/4  dB,  and  a 
value  of  four  bits  to  0.06  dB.  The  side  radiation  pattern 
also  is  affected  by  phase  quantization  errors,  although 
the  statistics  in  the  sidelobc  region  are  not  This  is 
because  the  element  positions  are  randomized,  leading 
to  Rayleigh  sidelobe  statistics.  Further  phase  errors  do 
not  noticeably  increase  the  sidelobe  levels;  they  only 
reduce  the  mainlobe  gain. 

Returning  to  the  figure,  it  is  seen  that  the  input  to  the 
paired  phase  shifter  is  om  +  0;  its  output,  therefore,  is 
+  or  +  2/3  +  m2.  This  IF  signal  is  heterodyned 
to  RF  via  the  mixer  and  the  local  oscillator  at  + 
a.  The  upper  sideband  at  is  selected  by  the  power 
amplifier,  providing  a  signal  at  the  desired  frequency 
having  a  phase  uttf  -  <b  +  2(a  +  B)  +  m2.  This  signal 
is  gated  in  the  power  amplifier  by  the  transmit-puise 
waveform  from  the  radar  synchronizer,  and  radiated.  Pro¬ 
vided  that  a  +  0  is  a  constant  across  the  array  the  high 
power  transmitted  pulse  has  the  desired  phase. 


Fig.  5  shows  a  phase  conjugating  circuit  (RF-IF 
heterodyning  circuits  not  shown)  which  replaces  the 
open-loop  ganged  phase  shifter  of  Fig.  4  by  a  phase  shift 
circuit  under  closed-loop  control.1  The  circuit  is  PLL. 
The  received  target  echo  at  +  +  is  applied  to  the 
PLL.  The  VCO  phase  after  the  loop  is  locked  :s  a >9t  +  + 
-  rt/2.  It  is  applied  as  one  input  to  an  up  converter.  The 
other  input,  also  at  a>«,  is  delivered  by  a  voltage  control¬ 
led  phase  shifter  driven  by  the  reference  oscillation.  Call 
its  phase  The  up  convener  output  is  at  the  second 
harmonic  frequency  2cu«.  Its  instantaneous  phase  is  2 w9i 
+  ^  -  n/2.  Assume  that  adequate  balance  is  achiev¬ 

ed  in  the  up  convener  to  avoid  second  harmonic  feed 
through.  This  signal  is  compared  in  a  phase  detector 
with  the  second  harmonic  of  the  reference.  The  beat 
product  is  integrated  in  the  loop  filter  and  applied  as  the 

'This  circuit  and  the  next  iwo  were  juueied  by  Prof.  Y.  Bar-New  of 
Td  Aviv  University  while  a  vising  Professor  *t  the  University  of 
Pennsylvania. 
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control  voltage  to  the  VCPS.  Convergence  requires  that 
<b  +  <bi  »  20  or  d>i  ■  —  <$>+■  20.  Thus  the  instan¬ 
taneous  phase  of  the  CW  output  of  the  VCPS  is  <i*r  - 
6  +  20 .  which  is  the  correct  frequency  and  phase  pro* 
vided  that  0  is  constant  across  the  airey.  Hence  the  drive 
for  the  gated  power  amplifier  is  taken  from  this  point. 

The  circuit  of  Fig.  6  introduces  another  method  of 
phase  conjugation.  The  received  echo  pulse  from  the 
reference  target  is  gated  as  before.  The  input  to  the 
phase  conjugating  network  is  switch  S„  connected  as 
shown.  The  echo  at  +  I  passu  through  a 
quadrature  hybrid  which  delivers  pulses  at  u*r  +  4  and 
w*r  +■  4  -  n/2.  These  signals  are  weighted  by  real  gain 
controls  *,  and  w,  and  added.  This  sum.  w,  cos<u^/  +• 
4)  +  w,  cos(uM  +  4  -  «/2),  passes  through  switch  Si  to 
the  comparator  where  it  is  subtracted  from  the  reference 
wave  cos(«u*r  +  0).  The  difference  is  fed  back  to  the 
mixers  of  two  correlators,  the  other  inputs  of  which  are 
driven  by  the  quadrature  outputs  of  the  hybrid.  The  in¬ 
tegrated  mixer  products  drive  the  real  weights  w,  and  w, 
to  those  values  that  cause  the  sum  waveform  to  equal 
cosW  +  0). 

The  portion  of  the  circuit  between  the  switches  is 
used  extensively  in  adaptive  nulling  and  interference 


cancellation  problems.  The  closed  loops  set  the  weights 
w,  and  w,  so  as  to  solve  the  equation 

w,  cosfwo/  +•  4)  +  w,  cosfuW  +  4  -  n/2) 

■  cos(u*>r  +  p).  (2) 

The  solution  is 

tan(4-/J)  ■  w»/w„  wj  +  wj  •  1.  (3) 

When  the  loops  have  converged,  the  circuit  between  the 
two  switches  has  transformed  the  input  «•/  +  4  to  the 
output  w*/  +  0.  In  short,  the  transfer  function  of  the 
circuit  at  u*  is  "  exp \Ji0  -  4)1  which  means  that 
the  circuit  is  a  phase  shifter  having  phase  shift  0  -  4. 
Following  loop  convergence  the  weights  are  frozen  and 
both  switches  are  thrown  to  their  lower  positions.  The 
reference  wave  having  phase  <*/  +■  0  then  passes 
through  the  circuit  and  emerges  with  phase  a**/  -  4  + 
20.  It  is  amplified,  gated,  and  radiated. 

Fig.  7  shows  another  version  of  the  previous  circuit 
in  which  the  signals  entering  the  comparator  are  hard 
limited  in  carefully  matched  limiters.  Given  that  their 
amplitudes  are  matched  it  is  only  necessary  to  shift  the 
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phase  of  the  input  echo  by  p  -  4  to  zero  the  comparator 
output.  Only  a  single  cancellation  loop  is  needed  as 
there  is  only  a  single  parameter  to  be  varied.  A  latching 
phase  shifter,  such  as  the  digital  phase  shifter  discussed 
earlier,  is  required.  After  loop  convergence  is  completed 
the  phase  shift  is  frozen,  the  switches  are  thrown  and 
u0t  -  4  +  20  is  radiated. 

IV.  ERRORS  IN  PHASE  CONJUGATION 

Two  types  predominate.  The  first  is  a  random  phase 
shift  due  to  mistunings  in  open-loop  portions  of  phase 
conjugating  networks.  The  second  is  a  linear  phase  shift 
due  to  a  frequency  offset.  The  former  constitutes  a  ran¬ 
dom  variation  in  phase  across  the  array,  the  effect  of 
which  is  loss  in  mainlobe  gain  as  described  earlier. 
Assuming  a  1-dB  total  loss  budget  for  the  entire  system, 
the  allowed  phase  error  is  about  1/2  rad  rms.  It  is  evi- 
dent  that  the  allowed  random  error  in  phase  conjuga¬ 
tion  is  smaller  still.  Frequency  offset,  which  has  been 
ignored  in  the  preceding  section,  may  occur  in  two 
ways.  First,  the  initializing  microwave  illuminator  may 
be  at  a  somewhat  different  frequency  from  the  transmit¬ 
ting  array.  Second,  the  need  for  isolation  between  low- 
level  incoming  signals  and  high-level  outgoing  signals 
may  force  a  frequency  offset.  The  effects  are  the  same 
in  both  cases. 

The  magnitude  of  the  frequency  offset  is  determined 
by  the  manner  in  which  the  phase  is  conjugated.  The 
simplest  way  is  to  adjust  the  phase  shift  at  the  initial  fre¬ 
quency  and  accept  the  error  which  results.  Let  the 
reflecting  source  be  at  angle  9,  »  sin"u«  from  the  array 
normal  and  the  initializing  (self-cohering  on  reception) 
frequency  be  «'  ■  k'c.  The  phase  of  the  wave  across  the 
array  is  =*  k'xu.  Let  i0M  be  the  excitation  across  the 
transmitting  array.  Let  the  conjugated  phase  be  -  k'xuq 
and  let  the  wave-number  of  the  signal  transmitted  by  the 
array  be  k.  The  radiation  pattern  becomes 

Au-.uq)  *  /  i0(jc)  exp(  -  jk'xuo)  expijkxu)  dx 

-  /  k(x)  expC/M «  -  [{k'/k)Uo])  dx.  (4) 

Note  that  the  beam  no  longer  points  to  u,  but  to  k'ujk. 
The  error  or  displacement 

Ako  *  «o[l  ~  (k'ik))  «  uo(l  -  (<u7(i>)j 

is  called  the  squint  angle.  Equation  (5)  can  be  rewritten 

|A«o/uo|  *  (6) 

indicating  that  the  magnitude  of  the  fractional  change  in 
the  beanuteering  angle  equals  the  magnitude  of  the  frac¬ 
tional  change  in  the  frequency.  The  largest  typical  value 
of  Au  is  the  receiver  bandwidth.  Rarely  will  the  angular 
displacement  exceed  one  or  a  few  percent  of  the  scan 
angle.  Such  scale  distortion  will  be  unimportant  unless 


the  beam  displacement  exceeds  the  beamwidth  of  the 
large  array  and  no  synchronizing  source  resides  within 
the  transmitting  beam.  A  phase  conjugating  circuit 
devoid  of  squint  is  required  if  this  problem  is 
anticipated  (13). 

The  reason  why  the  angle  distortion  arises  is  that  the 
phase  is  measured  and  conjugated  at  one  frequency  but 
radiation  takes  place  at  another  frequency.  The  error  is 
eliminated  if  'he  phase  shift  resulting  from  the  conjuga¬ 
tion  process  is  correct  at  the  new  frequency.  Then  the 
radiation  pauem  of  the  retrodirective  array  is 

f[u.u0)  -  f  i0(x)exp(Jk'x(u  -  u0)]dxf\k'{u  -  i<0)|  (7) 

The  argument  of  the  function  is  Ar(u  -  u0).  The 
beamsteering  angle,  therefore,  is  u„.  Hence  the  frequen¬ 
cy  change  is  no  longer  reflected  in  an  angular  displace¬ 
ment.  The  sole  effect  is  a  change  in  the  angular  scale, 
measured  ftom  u_,  by  a  factor  k'/k.  This  scale  change  is 
of  no  consequence  in  adaptive  beamforming. 


V.  PHASE  REFERENCE 

A  reference  oscillation  with  constant  phase  ut  *  [)  is 
required  in  every  module  in  the  array.  This  signal  must 
be  derived  from  an  oscillator  arbitrarily  located  in  the 
array  and  delivered  to  each  module  by  a  circuit  or  sub¬ 
system.  A  frequency-stable  and  phase-stable  oscillator  is 
assumed  as  well  as  a  frequency  synthesizer  capable  of 
generating  the  local  oscillator  waveform. 

Cables  of  equal  and  constant  lengths  can  deliver  the 
reference  wave  from  the  source  to  each  module.  This  is 
a  practical  technique  when  the  array  is  compact  and  the 
modules  are  contiguous.  It  becomes  impractical  when 
the  array  is  large  and  distributed.  Furthermore,  being  an 
open-loop  system,  differential  phase  changes  between 
cables  due,  for  example,  to  temperature  differences  or 
mismatches  at  connections  are  passed  directly  as  phase 
errors  to  the  modules. 

Circuits  have  been  devised  to  deliver  the  phase 
reference  from  source  to  module,  or  from  module  to 
module.  The  major  impetus  to  date  has  been  design 
work  for  the  Solar  Power  Satellite  [22,  23].  Fig.  8  il¬ 
lustrates  a  method  due  to  Lindsey  [24].  It  consists  of 
two  distinct  circuits  separated  by  a  cable  having  ar¬ 
bitrary  phase  delay  A.  The  reference  signal  passes  be¬ 
tween  circuits  via  this  cable  at  frequency  w.  It  is  provid¬ 
ed  to  each  phase  conjugating  circuit  at  twice  that  fre¬ 
quency  and  at  the  common  reference  phase  /J.  Thus  in 
the  left  circuit  of  Fig.  8  is  a  reference  source  of  frequency 
2w  and  phase  0. 

The  upper  left  circuit  is  a  PLL.  Its  VCO  phase  is  o>r 
+  4o  where,  for  the  moment,  4*  is  an  arbitrary  value. 
Oscillator  output  is  taken  from  the  loop  and  passed,  via 
the  first  diplexer  (shown  as  a  circulator),  to  the  cable, 
which  delivers  wf  +■  4«  “  4  to  the  right-hand  circuit. 
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There  the  cable-delivered  signal  is  doubled  in  frequency 
to  provide  the  reference  2u  +  2+s  -  2d  for  the  second 
module.  In  this  way  both  modules  are  driven  by  the 
same  reference  frequency.  It  is  shown  below  that  they 
are  also  driven  to  the  same  phase. 

Prior  to  frequency  doubling  in  .the  second  module, 
the  amplified  wave  at  cur  +  +,  -  A  is  fed  back  to  the 
second  diplexer  and  returned  to  the  first  module.  Its 
phase  is  further  retarded  by  the  cable  delay  A.  It  is  pass¬ 
ed  by  the  circulator  to  the  mixer  where  it  is  heterodyned 
by  the  90 #  phase  shifted  reference  wave.  The  lower  side¬ 
band  is  selected  by  the  bandpass  filter  (BPF).  Its  output 
is  the  input  to  the  phase  detector  of  the  PLL.  The  in¬ 
stantaneous  phase  of  this  wave  is«uf-4,  +  2A  +  /J  + 
n/2.  The  other  input  is  ut  +  4*.  delivered  by  the  VCO. 
The  low-pass  filtered  output  of  the  phase  detector  is 
aero  when  the  loop  drives  the  phase  difference  between 
the  inputs  to  90*.  Hence  2+«  -  2A -fi  -  0  or  P  •  2f0  - 
2A,  which  is  the  condition  sought.  Thus  both  modules 
have  the  same  reference  phase  2ui  +  p  independent  of 
the  cable  length  between  them.  Other  modules  are  fed  in 
the  same  manner. 

The  circuit  as  drawn  in  Fig.  8  is  subject  to  several 
phase  error  sources.  First,  the  nonlinear  mixer  will 
generate  harmonics  of  the  input  signal.  The  second  har¬ 
monic  will  add  to  the  reference  source  at  2u  to  produce 
a  net  reference  signal  with  altered  phase.  In  addition, 
feed  through  the  mixer  at  the  fundamental  frequency 
will  alter  the  net  phase  of  the  signal  delivered  by  the 
bandpass  filter  to  the  phase  detector  of  the  PLL. 

The  second  source  of  phase  errors  is  the  phase  shifts 
through  ail  the  nonclosed-loop  controlled  portions  of  the 
circuit.  The  circulators,  the  bandpass  filter,  and  the  signal 
return  loop  are  examples.  This  is  a  tuning-type  problem 
common  to  all  the  preceding  circuits  as  well. 

Last,  the  signal-return  loop  has  a  special  problem. 


Unless  there  is  sufficient  isolation  in  the  circulator  from 
ports  A  and  B,  the  loop  will  oscillate.  The  amplifier  is  need¬ 
ed  to  overcome  the  signal  losses  to  the  cable  in  both  direc¬ 
tions.  Hence  the  signal  level  delivered  back  to  the  circulator 
as  port  A  is  larger  by  the  gain  of  the  amplifier  than  the 
signal  delivered  by  the  circulator  at  port  B.  The  ideal  cir¬ 
culator  (or  other  diplexer)  provides  zero  coupling  between 
ports  A  and  B;  ihe  practical  circulator  has  limited  isolation. 
To  avoid  the  danger  of  oscillation  the  isolation  must  exceed 
the  amplifier  gain  which,  in  mm,  must  at  least  equal  the 
two-way  cable  loss.  Hence  the  maximum  allowed  cable  loss 
is  limited  by  the  isolation  available  in  practical  circulator;. 

A  small  modification  to  the  circuit  avoids  the  more 
serious  of  these  problems.  Fig.  9  shows  the  reference 
source  frequency  to  be  m  times  the  VCO  frequency  and 
the  frequency  of  the  return  signal  to  be  nu.  The  VCO 
signal  ut  +  ^  again  is  delivered  by  cable  to  the  next 
module,  amplified,  and  returned.  The  return  signal  is 
frequency  multiplied  by  the  factor  n,  delayed  by  the 
cable,  and  mixed  with  the  reference  in  the  down  con¬ 
vener.  The  phase  of  the  output  of  the  BPF  is  {m  -  n)ut 
+  P  -  *■  (n  +  l)A  +  n/2. 

The  VCO  output  is  multiplied  in  frequency  by  (m  - 
n)  to  equate  the  frequencies  of  the  phase  detector  in¬ 
puts.  The  loop  drives  these  signals  into  quadrature, 
resulting  in  the  phase  equation  m<fc0  -  f2  -  (n  +  1  )A 
»  0,  which  implies  that  the  instantaneous  phase  of  the 
reference  source  mtu  +  0  *  mut  +■  /mho  -  (n  +  DA. 

The  output  to  the  next  module  is  derived  from  a  fre¬ 
quency  multiplication,  by  the  factor  m,  of  the  signal 
delivered  by  the  cable;  its  phase  is  mut  +  m$»  -  mA. 
The  only  condition  required  to  equate  the  last  two  ex¬ 
pressions  is  m  •  n  +  1 .  When  this  condition  is  met  the 
desired  phase  reference  is  transferred  from  the  first  to 
ihe  second  module.  In  addition,  the  need  for  the  fre¬ 
quency  multiplier  (shown  dashed)  which  follows  the 
VCO  and  drives  the  phase  detector  is  eliminated;  instead 
a  direct  connection  may  be  made. 

System  frequencies  are  determined  by  the  choice  of  a 
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convenient  VCO  frequency  u  and  the  desired  frequency 
offset  «(n  -  1).  The  variable  n  must  be  small  so  that  the 
bandwidths  of  the  circulators  and  the  delay  time  are  not 
exceeded,  n  need  not  be  integral;  using  modern  frequen¬ 
cy  synthesizer  techniques  frequency  multiplication  by 
ratios  of  integers  is  easy  to  obtain.  Thus  n  can  be  made 
close  to  unity.  A  value  of  4/3  permits  an  adequate  fre¬ 
quency  separation  between  the  input  and  the  output  of 
the  mixer  while  not  requiring  excessive  bandwidth  of  the 
components.  The  reference  phase  is  delivered  at  7<j/3 
when  n  equals  this  value. 

VI.  EXTERNAL  CALIBRATION 

Random,  uncompensated  phase  shifts  in  com¬ 
ponents  throughout  the  module  and  the  reference- 
delivery  circuits  always  will  exist  and  will  degrade 
tnainlobe  gain  as  indicated  in  Section  III.  Periodic 
calibration  or  tuning  is  necessary  to  limit  the  loss  in 
tnainlobe  gain  to  an  acceptable  level.  Calibration  can  be 
manual  or  automatic  in  a  small  system  but  must  be 
automatic  in  a  system  with  large  array. 

A  calibration  transceiver  outside  the  array  can  be 
used  for  ground-based  and  shipboard  installations.  The 
design  of  Fig.  10  includes  a  procedure  for  correcting  the 
phase  of  the  reference  wave  at  each  module  and  thereby 
removes  the  need  for  a  circuit  of  the  type  shown  in  Fig. 
9.  One  module  of  a  distorted  array  is  shown  along  with 
the  calibration  transceiver.  Each  module  has  a  phase- 
conjugating  circuit  (PCC)  and  a  reference  wave. 
Assume  that  the  reference  wave  is  stable  in  frequency 
and  constant  across  the  array  but  that  the  phase  varies 
from  module  to  module.  Call  the  phase  of  the  reference 
to  the  oh  module  (3h  or  its  total  instantaneous  phase  u* 

+  a. 

The  calibration  unit  is  external  to  the  array  and  in 
the  general  direction  toward  which  the  antenna  elements 
are  pointed.  Its  front  end  consists  of  a  pulsed  transmit¬ 
ter  and  receiver  and  is  similar  to  the  from  end  of  an 
army  module.  The  reference  oscillation  in  the  array  is 
delivered  to  it  either  by  cable  or  by  radio.  The  broadcast 
reference  technique  [23]  is  suitable  and  is  the  technique 


illustrated.  When  the  calibration  transmitter  is  con¬ 
nected  in  the  SYNC  mode  (switches  thrown  to  S),  radia¬ 
tion  of  the  system  reference  at  some  arbitrary  phase 
from  some  arbitrary  antenna  within  the  array  drives  the 
PLL  to  a  frequency  &»',  The  phase  w't  of  the  VCO  in  the 
calibration  transceiver  is  the  reference  phase  of  the 
entire  system. 

After  the  loop  is  locked  the  VCO  output  is 
heterodyned  to  RF  and  radiated.  Its  frequency  is  w0,  the 
radiation  frequency  of  the  entire  system.  Since  there  is 
some  phase  shift  a  from  VCO  to  antenna,  the  radiated 
waveform  is  characterized  by  ow  +•  a,  as  indicated  next 
to  the  symbol  (1)  in  the  figure.  The  system  calibrates  one 
module  at  a  time.  The  system  controller  (i.e.,  the’cemral 
computer)  turns  on  each  module  in  sequence.  Upon  ar¬ 
rival  of  the  radiated  signal  (1)  at  the  antenna  of  the  tth 
module  (2)  the  phase  is  lug/  +  a  -  d>(,  where  6,  is  the 
propagation  phase  delay.  The  phase  shift  through  the 
antenna  in  the  direction  toward  the  calibration  system  is 
y, .  Since  the  phase  of  the  element  pattern  may  be  different 
in  the  direction  to  the  target,  y,  is  explicitly  retained  in 
this  description  of  system  operation.  Thus  the  signal  phase 
after  the  antenna  is  to ^  +  at  -  <b,  +  y,.  Similarly,  there 
is  a  phase  shift  5f  to  the  input  (4)  to  the  PCC.  where  the 
phase  is  <ot  +  a  -  +  y,  +  5,. 

The  primary  reference  oscillator  of  the  system  runs 
freely  at  frequency  to  delivering  <oi  +  /?,  to  the  input  (3) 
to  a  digital  shifter  4 ,.  The  initial  phase  shift  is  some  ar¬ 
bitrary  value  9„  making  the  input  reference  phase  (6)  to 
the  PCC  tot  +  I),  +  6,.  The  output  (7)  of  the  PCC  is 

phase  (7)  a  an  *■  (],  +■  fl,  —  [(<»  —  4/  +  y.  +  d,) 

-  ((3  +  fi,)j  »  cot  +  20,  +  20,  -  a  +  ”  y.  ~  d,. 

After  the  wave  is  heterodyned  to  RF  and  passed  through 
the  transmitter,  its  phase  (8)  is  increased  by  rj,  to 

phase  (8)  -  tot  +■  2/?,  +  29,  -  a  +  “  y<  “  d,  +  rj,. 

y,  is  added  through  the  antenna  (9)  and  the  propagation 
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delay  6,  is  contributed  upon  arrival  at  the  calibration 
system  (10).  There  the  instantaneous  phase  is  wr  +  2ft 
+  20,  -  a  -  8,  +  r j,.  It  is  evident  that  both  the 
propagation  delay  and  the  antenna  element  phase  shifts 
have  dropped  out. 

This  wave  is  received  with  the  switches  thrown  to  C. 
which  places  the  calibration  transceiver  in  the  CALIB 
mode.  The  phase  shift  from  antenna  to  phase  detector 
(II)  is  m*  Hence  the  phase  detector  output  (12)  is  a  video 
voltage  proportional  to  -  20,  -  20,  +•  a  +  6,  -  17,  -  y. 
This  voltage  is  converted  to  a  digital  number,  divided  by 
two,  and  delivered  (13)  to  the  digital  phase  shifter  in  the 
module  where  it  changes  the  phase  through  that  compo¬ 
nent  by  *  “ft  -  ft  +  (A)  (a  +  6,  -  -  y).  The  signal 

reentering  the  PCC  as  a  phase  reference  is,  therefore,  ut 
+  (A)  (e  +  d,  -  rj,  -  y). 

This  is  the  desired  reference  phase:  the  random  ini¬ 
tial  phase  ft  of  the  phase  shifter  and  the  random 
reference  oscillation  phase  ft  have  been  removed,  the  cir¬ 
cuit  phase  shifters  6,  and  tj,  cancel  out  during  system 


operation  (see  below),  and  the  remainder  is  a  constant 
across  the  array. 

Now  let  a  target  echo  ow  -  fr, arrive  at  the  hh  antenna 
dement.  The  IF  signal  delivered  to  the  PCC  is  ut  -  |r,  +■  yr, 
+  6,.  The  phase-conjugated  output  is  wt  +  ( 'A)  (a  +  d,  -  r), 

~  m)  -  [(-fr,  +  rr,  +•  ft)  -  (A)  (o  +  6,  -  r),  -  y)]  -  cj/  +  a 
“  n,  -  M  +  Ir,  ~  rr,,  and  the  signal  radiated  in  the  direction 
of  the  target  is  wo/  +  »-  y  +  which  is  exactly  the  con¬ 
jugated  phase  plus  an  arbitrary  constant. 

The  only  circuit  in  the  *ystem  not  under  closed-loop 
control  is  the  phase  measuring  and  phase  control  branch 
(12)  to  (13)  from  calibrator  to  module.  Gain  and  bias  er¬ 
rors  can  develop  in  this  circuit.  Let  the  phase  detector 
gain  be  in  error  by  the  factor  K  and  let  a  bias  M  develop 
in  its  output  circuit.  Then  the  phase  ship  in  the  digital 
phase  shifter  is  changed  by  Aft  -  XI  -ft  -  ft  +  (A)  (a 
+  8,  -  r\,  -  y)]  +  M.  The  reference  for  the  PCC  becomes 
vt  +  ft  +  ft  +  Aft  £  <ut  +  y/.  The  PCC  output  is  w t  + 
2i //  +  <Pn  “  Jn  ft-  After  passage  through  the  transmitter 
and  antenna  the  radiated  wave  toward  the  target  is 
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tuo1  +  2t/r  +  4>n  “  5,  +  Tj, 

■  Wf)t  +  2iV/  +  AT(Q  “  ^i)  +  ^-; 

+  (1  -  /0C2/J,  +  29,  +  n<  +  <i').  (8) 

The  first  four  terms  are  the  conjugated  phase  (+r,) 
plus  an  arbitrary  constant  (2M  ♦  K(a  -  u)).  The  last 
term  represents  a  phase  error  in  transmission  from  the 
tth  module,  which  goes  to  zero  when  the  gain  error  goes 
tr  zero.  The  maximum  effect  is  easily  calculated.  /3,  6, 
r),  and  5  may  be  assumed  to  be  random  variables  inde¬ 
pendent  of  the  errors  in  the  other  modules.  Their  sum  is 
a  random  phase  error.  The  magnitude  of  the  net  phase 
error  <p,  is  a  function  of  the  fractional  gain  error  K  of  the 
phase  detector.  Note  that  the  phase  error  is  not  a  function 
of  the  bias  error  of  the  phase  detector. 

Using  the  theory  of  mainlobe  gain-loss  referenced  in 
Section  III  [12],  a  tolerance  can  be  calculated  for  the 
phase  detector  gain  error.  The  random  phase  enor  is,  at 
worst,  uniformly  distributed  to  the  interval  [-*.  ft).1  The 
variance  of  a  uniform  distribution  is  one-twelfth  the 
square  of  the  length  of  the  interval.1  Hence 

of*  (I  -  /0,(2)1/12  (9) 

which  must  not  exceed  1/4  rad1  if  the  loss  in  mainlobe 
gain  is  to  be  Limited  to  1  dB.  Taking  this  value  as  the 
tolerance  in  gain  loss,  the  allowed  fractional  gain  error 
K  in  the  phase  detector  is  found  by  equating  (9)  to  0.23, 
which  yields  K  *  0.724.  In  other  words  the  gain  can 
change  by  27  percent  without  causing  more  than  1  dB 
loss  in  system  performance.  This  is  a  relatively  easy 
tolerance  to  maintain. 

VII.  SUMMARY 

The  logical  requirements  for  a  self-adaptive,  non- 
rigid,  distributed  radar  antenna  array  are  discussed.  A 
transmitter  is  required  to  illuminate  a  target,  the  reflec¬ 
tions  from  which  are  received  by  the  elements  in  the  ar¬ 
ray.  The  target  must  reradiate  a  nearly  spherical 
wavefront.  The  phases  of  the  received  echoes  are  used  to 
set  the  phase  shifts  in  the  antenna  elements  so  that  a 
receiving  beam  is  focused  on  the  target.  The  same  phase 
information  permits  setting  the  transmission  phase 
shifts  as  well. 


‘For  example.  the  probability  density  function  of  the  modulo- 2n 
ton  of  two  random  variables,  each  uniformly  distributed  in  a  2*  inter¬ 
val,  also  is  uniform  in  the  interval.  This  case  corresponds  to  the 
equality  condition  in  (9).  If  the  pdfs  are  clustered  near  the  center  of 
the  interval,  the  pdf  of  the  sum  also  is  clustered,  leading  to  the  strict 
inequality  in  (9).  The  random  variables  in  (S)  will  generally  correspond 
id  this  cate.  If  the  pdfs  are  lower  in  the  central  region  than  at  the 
edges,  the  inequality  could  reverse.  There  is  no  physical  basis  for 
assuming  that  this  situation  will  occur  in  this  system. 

’lei  Ms)  ■  I lL.  W  *  Ul  and  *  0,  elsewhere.  Then  of  ■  (l/l) 
FHx^di  -  L‘/I2. 


Once  the  transmitting  beam  is  formed  and  focused 
on  the  target  the  initializing  illumination  no  longer  is  re¬ 
quired.  The  beam,  is  scanned  by  modifying  the  phase 
shifts  in  the  same  manner  that  is  used  in  a  conventional 
phased  array. 

Phase  conjugation  of  the  received  wave  at  every  ele¬ 
ment  is  necessary  to  achieve  focused  transmission. 
There  are  two  primary  circuit  and  system  choices  to 
make  in  the  design  of  phase  conjugating  networks.  The 
first  choice  is  between  analog  and  digital  circuits.  The 
second  choice  is  between  open-loop  and  closed-loop 
control  of  the  phase  shift.  The  bases  for  these  choices 
are  discussed  and  several  circuits  are  given.  The  phase 
conjugating  circuit  at  each  antenna  element  requires  a 
reference  wave  of  constant  frequency  and  fixed  phase. 
Methods  for  distributing  the  phase  reference  across  the 
array  are  described. 
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ABSTRACT 


AMBIGUITY  RESOLUTION  IN  SELF-COKERING  ARRAYS* 

Chung  H.  Lu,  RCA  Laboratories,  Princeton,  NJ 

C.  Nelson  Dorny,  Valley  Forge  Research  Center,  Moore  School  of  Electrical 
Engineering,  University  of  Pennsylvania,  Philadelphia, 
Pennsylvania 

Two  approaches  to  resolving  the  phase  ambiguity  associated  with 
phase  oultilateration  of  self-cohering  antenna  arrays  are  described  and 
the  probability  of  ambiguity  error  is  derived  for  each  approach.  For 
che  minimum  least-square  error  method  an  efficient  computational  tech¬ 
nique  is  Introduced  which  permits  element  position  uncertainties  as 
large  as  one  wavelength  In  the  presence  of  phase  measurement  errors  in 
che  order  of  one  radian.  The  multiple  frequency  method  permits  element 
position  uncertainties  significantly  larger  Clian  one  wavelength,  at 
soma  increase  in  bandwidth.  The  probability  of  ambiguity  error  is 
shown  to  be  acceptably  small  If  the  rms  phase  measurement  errors  are  in 
the  order  of  0.5  radian  or  smaller. 

^Submitted  to  IEEE  Transactions  on  Antennas  and  Propagation,  July  1983. 
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AMBIGUITY  RESOLUTION  IN  SELF-COHERING  ARRAYS* 

Chung  H.  Lu,  RCA  Laboratories,  Princeton,  NJ 

C.  Neleon  Dorny,  Valley  Forge  Research  Center,  Moore  School  of  Electrical 
Engineering,  University  of  Pennsylvania,  Philadelphia, 
Pennsylvania 

A  number  of  self-cohering  random  arrays,  up  to  1000  wavelengths  In 
length,  with  average  element  spacings  In  the  order  of  10  wavelengths,  have 
been  constructed  at  the  Valley  Forge  Research  Center.  An  extensive 
theory  for  design  of  such  large,  sparse,  random  arrays  has  been  developed 
[1,2].  A  self-survey  technique  for  self-cohering  of  such  an  array  is 
described  in  [3];  experimental  testing  of  the  technique  is  described 
In  [4],  The  technique  determines  each  element  position  In  the  array 
from  phase  neasurements  made  at  the  element  for  signals  transmitted  from 
beacons  at  known  (measured)  locations.  The  technique  also  calibrates  the 
phase  reference  at  each  element.  Use  of  this  technique  considerably 
loosens  the  mechanical  tolerances  required  to  obtain  acceptable  array 
performancs,  and  thereby  permits  operation  of  very  large,  loosely-surveyed, 
or  non-rigid  arrays.  The  self-survey  is  basically  a  phase  multllatsratioa 
technique.  In  which  rsnges  are  inferred  from  phase  measurements.  There 
Is  s  phase  ambiguity  Inherent  In  each  phase  comparison.  High-precision 
element  location  requires  accurate  ambiguity  resolution.  This  article 
describes  two  approaches  to  resolving  this  phase  ambiguity,  a  minimum 
leaat  square  (MLS)  method  and  a  orultif requency  method. 

The  eelf-aurvey  works  as  follows.  A  few  beacons  of  known  location  are 
blinked  consecutively.  (In  soma  applications  those  beacons  would  be  re¬ 
placed  by  passive  reflectors.)  At  the  ith  element  of  the  array,  the  phases 
of  the  signals  received  from  each  beacon  are  compared  to  the  phases  of 
the  corresponding  signals  received  at  a  reference  element  and  delivered  by 
cable  to  the  1th  element  (see  Fig.  1).  Except  for  the  ambiguity  caused 
by  the  mod  2v  nature  of  the  phase  measurement  process,  these  phase  measure¬ 
ments  are  indicators  of  the  differencial  bescon-to-element  time  delays. 

* 

This  work  was  supported  primarily  by  the  Air  Force  Office  of  Scientific 
Research  under  Grant  No.  AF0SR-78-3688. 
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These  delays  are  used  eo  estimate  the  element  position  (x^,  y^)  relative 
to  the  reference  and  the  phase  delay  in  the  reference  cable.  These 
computed  values  of  x^,  y^,  are  used  to  cohere  the  array. 
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FIGURE  1  Differencial  Phase  Delay 


Let  the  origin  of  the  coordinate  system  be  placed  at  the  reference 
element  of  Fig.  1.  According  to  free-space  theory,  if  we  broadcast  from 
ths  j  beacon,  which  is  in  the  far-field  of  the  array  at  angle  ^  from  Che 
x  axis,  the  phase  of  the  beacon  signal  rsceived  at  element  i  relative 

to  the  corresponding  beacon  signal  received  at  ths  reference  element  and 
delivered  by  cable  to  element  1  is 

♦ij  "  Wij  +  *i  '  2*nij  1 


k«*ij  +  dc> 


where  d^  ■  x^cos^j  +  y^sin^,  the  differential  distance  to  the  beacon, 
k  ■*  2ir/X,  X  is  the  wavelength,  (x^,  y^)  is  the  element  position,  4^  is 
Che  phase  delay  in  the  cable  plus  Che  differential  delay  in  the  electronics, 
d£  is  the  electrical  length  of  the  cable  and  electronics  delay,  and  n^  is 
the  number  of  multiples  of  2?  removed  by  the  mod  2v  phase  measurement 
process.  Thus  we  assume  }  lies  in  the  interval  [0,2t$.  lee[5,p.ll]  shows 
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Chat  use  of  a  broadcast  reference  rather  than  the  cable  does  not  change 
the  mathematical  form  of  (1).  Measurement  of  n^,  and  ^  determines 

a  single  equation  In  the  three  unknowns  x^,  y^,  $c.  The  measurements  are 
taken  for  N  different  beacons  (N  »  3)  resulting  in  a  set  of  N  equations 
In  the  three  unknowns  associated  with  element  1: 

ax  -  ♦ 

kd  \T  m  A  +  2irn . . ,  and  B  Is 


where  X  -  (x^  y i»  *^)T,  ♦  -  . 

an  N  x  3  matrix  of  known  quantities, 
least-square  phase  error  solution 


*  ^  ' 


‘ij’ 


It  is  shown  in  [3]  that  use  of  the 


T  -1  T 
X  -  <BaB)  b  ♦ 


(2) 


(3) 


in  beam  formation  usually  leads  to  acceptable  expected  gain  loss  for 
beam  pointing  directions  within  the  spraad  of  the  beacons. 
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MLS  Ambiguity  Resolution 

d 

Since  depends  on  n^ ,  equation  (3)  specifies  a  unique  solution  for 

each  choice  of  the  ambiguity  integers  (n  }  used  In  the  "demod"  process  to 
<i  *“J 

obtain  ( ♦ .  We  determine  the  possible  values  of  from  the  region  of 
uncertainty  of  the  position  of  slement  1  and  from  the  direction  of  beacon 
J.  The  MLS  (minimum  least  square)  method  of  ambiguity  resolution  consists 
of  computing  the  least-square  phase  error  solution  X  for  each  combination 
of  tha  possible  values  of  n^,  •  ••»  then  selecting  as  the  correct 

solution  chat  X  which  yields  the  minimum  value  of  least-square  phase  error. 

If  the  array  is  not  extremely  large,  and  if  tha  structure  on  which 
Che  elements  are  mounted  is  fairly  rigid  (as  in  an  airborne  array) ,  the 
element  positions  may  be  known  to  within  approximately  one  wavelength, 
and  each  ambiguity  Integer  will  have  only  few  possible  values.  On  tha 
other  band,  if  the  array  elements  are  widely  separated  (perhaps  on 
separata  aircraft),  and  if  a  priori  relative  positions  are  obtained  by 
tima  delay  mmasurraents,  tha  position  uncertainties  will  be  somewhat 
larger,  and  n^  may  have  many  possible  values.  In  either  case  uncertainty 
in  the  cable  delay  in  (1)  increases  the  uncertainty  in  n^j .  There¬ 
fore,  in  determining  the  possible  values  of  n^ ,  uncertainty  in  must  be 
considered.  We  refer  to  thi  set  of  possible  values  of  n^  as  the  "integer 
set"  associated  with  .  The  next  section  describes  s  technique  which 
permits  testing  of  the  possible  combinations  cf  ambiguity  integers  with¬ 
out  excessive  computation. 
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,If  the  integer  sets  are  correctly  determined,  (that  is,  if  the  correct 
integers  are  included),  then  comparison  of  the  least-square  errors  associated 
with  the  various  ambiguity  integer  combinations  will  pinpoint  which  choice 
of  ambiguity  integers  and  corresponding  salf-survay  solution 'is  correct. 

On  the  other  hand,  if  the  correct  ambiguity  integer  is  excluded  from  an 
integer  set,  the  correct  combination  will  not  be  among  the  candidates 
which  are  checked,  and  an  ambiguity  error  will  occur. 


We  wish  the  N  integer  sets  to  be  as  small  as  pcssible  in  order  to 

minimize  the  computation  required  to  test  the  combinations.  If  tight 

bounds  on  each  ambiguity  integer  can  be  determined,  then  each  Integer 

set  will  include  the  correct  Integer.  Let  P^  be  the  probability  that 

the  correct  ambiguity  integer  associated  with  beacon  j  la  excluded 

from  the  corresponding  integer  set,  and  let  T  be  the  resulting  probability 

that  the  correct  combination  of  integers  is  not  found.  Then,  the  prob- 

ability  of  correct  ambiguity  resolution  is  1  -  P  ■  W ( 1— P  ) ,  where  N  is 

j-1  J 

the  number  of  beacons  (typically  four  or  more).  In  order  that  P  be 
reasonably  small,  say  0.01,  it  is  necessary  that  P^  be  very  much 
smaller  (say,  0.0025,  for  N  *  4). 

In  most  applications  coarse  estimates  of  th.*  differencial  distance 
d^  and  the  electrical  length  d£  and  some  knowledge  of  the  accuracy  of 
Che  estimates  will  be  available  prior  to  self-survey.  For  example,  if 
the  array  is  distributed  over  the  surface  of  an  aircraft,  nominal  element 
positions  and  cable  lengths  will  be  known,  and  the  range  of  relative 
element  position  deviations  from  the  nominal  values  (which  result  from 
flexing  of  the  airframe  in  flight)  csn  be  described  in  terms  of  random 
variables.  For  normally  distributed  errors  in  a  priori  estimation  of 

+  dc»  Pig.  2  shows  the  probability  of  the  correct  ambiguity  integer 
being  excluded  from  the  integer  set  associated  with  a  particular  beacon, 
as  a  function  of  the  size  of  the  uncertainty  region  (as  measured  by  the 
standard  deviation  o  in  the  estimate  of  d..  +  d  )  and  the  size  n  selected 
for  the  integer  set.  This  figure  can  be  used  to  select  the  size  of  the 
integer  set  in  such  a  way  as  to  obtain  sufficiently  low  probability  of 
ambiguity  error  in  the  self-survey. 
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FIGURE  2  Effect  of  Integer  Set  Size  n  on  Error  Probability  P 
(assuming  normally  distributed  estimate  of  < ^  +  d^) 


It  can  be  observed  from  Figure  2  that  if  the  standard  deviation  o 
is  one  wavelength,  it  is  necessary  that  n  a  6  to  obtain  a  reasonably 
small  probability  of  ambiguity  error.  That  is,  the  integer  set  size  n 
must  be  large  enough  to  include  the  correct  ambiguity  integer  in  all  but 
very  low  probability  instances.  It  is  shown  in  [7]  that  the  MLS  method 
of  selecting  n^  la  equivalent  to  Che  maximum  likelihood  method  if  the 
estimation  errors  are  independent  identically  distributed  Gaussian 
random  variables  as  assumed  in  Figure  2. 


•• 


Reduction  In  Computation 


This  section  describes  s  technique  for  reducing  the  computation 

associated  with  testing  each  combination  of  ambiguity  Integers.  For 

a  system  with  N  beacons,  the  technique  reduces  the  amount  of  computation 

by  at  least  a  factor  of  n  ,  where  n  is  the  integer  set  size.  Thus, 

3 

Che  computation  grows  by  no  more  than  n  .  This  section  also  shows  that 
Che  least-square  phase  error  associated  with  each  combination  can  be 
determined  directly  from  the  measured  data  without  explicitly  computing 
che  self-survey  solution  associated  with  chat  combination. 

The  square  phase  error  associated  with  the  least-square  error 
solution  (3)  is 

c  -  1 1 bx-$ j | 2  -  ]!g*M2 

where 

C  -  IN  -  B(BTB)*lBT, 


I^j  is  an  Nth  order  identity  njatrix,  and  *  is  a  linear  function  of  the  N 
ambiguity  integers  (n^,  . ...  n^)  as  shown  in  (2);  c  is  computed  for 
each  candidate  combination  of  ambiguity  integers,  and  the  combination 
which  gives  minimum  c  is  selected. 


Consider  (n^, 
•t  is  linear  in  {n^ 


....  n  ) 
}  and  G*G 


as  an  N-tuple  of  real  numbers.  Then,  since 
■  G, the  N-tuple  which  minimizes  e  satisfies 


c*(Bii,  ....  n^)  »  0 

Equation  (6)  can  be  viewed  as  s  constraint  on  the  possible  ambiguity 
lntegar  combinations.  In  other  words,  only  those  combinations  which 
satisfy  (6)  need  be  tested  for  mininnm  e.  Because  of  quantization  noise 
and  maaaurement  errors  however,  an  N-tuple  which  satisfies  (6)  will  not 
consist  of  integers.  Therefore,  wo  select  ss  the  possible  ambiguity 
Integer  combinations,  the  ones  which  nearly  satisfy  (6)  in  the  sense 
described  below. 


Because  C  is  idempotent,  rank(C)  ■  trace (G) .  But  trace (1^)  *  N  and 
trace(B(B^B)  ■  trace((B^B)  ^B^B]  ■  trace(I^)  ”  3.  Therefore,  rank(G) 

■  N  -  3,  and  nullity (G)  ■  3.  (This  result  is  intuitively  reasonable,  since 
B  is  a  rank  3  matrix.)  Thus  the  equation  (6),  which  is  linear  in  the  integer 
variables  {n^j},  constitutes  N  -  3  linearly  independent  constraints  on  the 
combination  of  ambiguity  integers,  ana  only  three  of  the  integers  (say,  the 

first  three)  can  be  chosen  arbitrarily.  Once  the  three  arbitrarily  designated 
integers  are  specified,  the  other  integers  can  be  obtained  from  (6)  by  a 

e 

single  matrix  multiplication  using  a  conventional  linear  system  algorithm. 
(Such  a  procedure  is  described  in  [7]).  Because  of  quantization  noise  and 
measurement  errors,  G$(n,,,  ...,  n.„)  is  not  precisely  the  zero  vector 
for  the  allowed  combination  of  ambiguity  integers.  Therefore,  the  computed 
values  for  the  N  -  3  integers  must  be  rounded  to  the  closest  Integers.  If 
any  of  the  integers  in  the  resulting  solution  does  not  lie  in  its  corres¬ 
ponding  integer  set,  the  ambiguity  combination  is  not  the  correct  one 
and  can  be  dropped.  Otherwise,  the  corresponding  square  error  c  in  (6) 
is  computed.  Note  chat  the  matrix  C  need  only  be  computed  onc'j.  In 
general,  if  we  were  to  try  all  combinations  of  N  integer  sets  of  size  n, 

u 

we  would  have  to  test  n  cases.  However,  by  pretesting  via  the  con- 

3  N“3 

stralnts  (6),  we  test  at  most  nJ  cases,  a  reduction  by  the  factor  n 

If  the  system  has  no  redundancy  (N  -  3),  G  is  Che  zero  matrix  and  e  is 

zero  for  any  integer  combination.  Therefore  data  redundancy  is  necessary 

for  ambiguity  resolution  by  the  KLS  method. 

If  each  ambiguity  integer  in  the  solution  Co  (6)  is  increased  by  one, 
the  resulting  phase  vector  ♦  is  affected  in  the  same  fashion  as  it  would 
be  by  a  2ir  increase  in  the  cable  phase-shift.  Since  the  cable  phase-shift 
need  only  be  known  mod  2tt  in  order  to  form  beams,  such  ambiguity  Integer 
combinations  are  redundant  and  need  not  be  tested.  This  fact  may  permit 
some  further  reduction  in  the  number  of  combinations  to  be  tested. 

The  MLS  ambiguity  resolution  technique  was  applied  to  self-survey  of 
paired  elements  in  [7).  Simulation  of  the  element-pair  system  without 
errors  in  the  phase  measurements  shoved  a  clear-cut  difference  between 
the  min imam- lea sc- aqua  re  phase  error  for  correct  and  incorrect  integer 
combinations.  Simulation  with  phase  errors  showed  that  the  average  allow¬ 
able  phase-measurement  error  for  correct  integer-combination  selection  is 
39°.  The  phase-measurement  error  tolerance  for  the  non-paired  system  de¬ 
scribed  in  this  article  should  be  looser  by  a  factor  of  2,  that  is  78°. 
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This  resistance  of  the  MLS  ambiguity  resolution  technique  to  phase  measure¬ 
ment  errors  is  in  agreement  with  the  observation  in  [5,  p.  79]  that  the 
effect  on  the  least-square  phase  error  of  an  error  in  one  of  the 
ambiguity  Integers  is  typically  as  least  40  times  larger  chan  the 
effect  of  an  error  in  one  of  the  phase  measurements. 


Multiple  Frequency  Ambiguity  Resolution 


In  this  section  a  sequence  of  frequencies  is  used  to  progressively 
resolve  the  ambiguity  in  the  self-survey  phase  measurements.  The  tech¬ 
nique  extends  [6]  by  caking  advantage  of  prior  estimates  of  element  and 
beacon  positions,  and  by  including  the  effect  of  cable  and  electronics 
delays;  it  provides,  in  addition,  a  prediction  of  probability  of  ambiguity 
error.  The  technique  makes  use  of  the  relatively  long  beat  wavelength 
between  close  frequencies.  Although  the  use  of  the  beat  wavelength 
magnifies  phase  errors,  accuracy  can  be  maintained  by  using  a  succession 
of  progressively  reduced  beat  wavelengths.  Thus  accuracy  of  the  computed 
element  positions  can  be  increased  by  increasing  the  number  of  beat 
wavelengths  (bandwidth).  Throughout  this  section,  reference  is  made 
only  to  element  i  and  beacon  j.  Thus,  the  subscripts  1  and  J  are 
dropped. 


Let  .\q  denote  the  nominal  wavelength,  and  assume  the  sequence  of 
auxiliary  wavelengths  {Xp}  satisfies 

X0  <  Xm  <  ***  "  X2  <  X1 

The  beat  wavelength  between  X„  and  X  is 

n  n 


(7) 


x.x 

xoP "  r=ib  p ' l* 

P  o 
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(8) 


where  XQ  <  XQ1  <  X^  < 


<  X .  The  sequence  of  beat  wavelengths  will 


-  ~  —  —  —  wui 

determine  a  sequence  of  ambiguity  integers  n^  terminating  with  the  desired 
ambiguity  integer,  nQ  -  n^ ,  of  (1). 


Assume  the  cable  is  nondiaperslve.  Then  the  cable  phase  delay  is 
proportional  to  frequency,  and  we  can  rewrite  (1)  as 

"  kpd  “  2™p»  P  -  0,  1,  ....  m  (9) 
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where  P  Is  Che  phase  measurement  ac  Che  element  corresponding  Co  the  p 

p  ^  ^ 

frequency  transmitted  from  the  beacon,  kp  ■  2ff/Xp,  Xp  is  the  P  wavelength, 

d  •  d,.  +  d  ,  d  is  the  electrical  length  of  the  cable,  and  n  is  the  ambiguity 
ij  c  c  th  P  th 

integer  associated  with  X  .  We  subtract  the  p  equation  from  the  0 

P 

equation  of  (9)  to  obtain 


>  -  $ 
o  *p 


2ird/X  -  2tt(o  -n  ),  p  ■  1, 
op  op 


(10) 


Because 
We  define 


and 


p  and  tp  are  both  in  [0,  2 tt ) ,  $ 
op  o 


A  must  lie  in  (~2n,  2 it). 
P 


■  $  ~  P 

op  o  p 

(11) 

l  -  n  -  n 
op  o  p 

(12) 

Thus  d>  is  a  measured  quantity  and  n  is  an  unknown  Integer, 
op  op 

d  ■  d  +  fid 
e 


Suppose  that 


(13) 
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ms 


where  d  is  an  estimate  of  d  and  Sd  is  the  remaining  uncertainty  in  d. 

e 

We  divide  (10)  by  2WXQp,  substitute  from  (11)-(13),  and  rearrange  terms 
to  yield  . 
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The  0 


th 


n  X 
op  op 
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P  -  1, 


equation  of  (9)  can  be  rewritten  as 


<5d  -  n  X  ■  —  X  -  d 
o  o  2i  o  e 


th 


We  rearrange  the  a  equation  of  (14)  to  obtain 
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nom  -  T 


om.  ,  6d_ 
2ir  X 


on  on 

We  design  the  auxiliary  wavelength  X^  so  that  the  beat  wavelength  X 
satisfies  i 6d| /X 


(14) 


(15) 


(16) 


on 


m  ~  om 

<  0.5.  That  is,  the  uncertainty  in  d  is  less  chan  one 


half  of  the  beat  wavelength 


om 


Then  n  can  be  computed  unambiguously  aa 

■— \f-  -  ¥] 


(17) 


-  .  / 

w  V 


(9) 
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where  Round  [  ]  means  rounding  Co  Che  nearesc  lnceger.  In  an  ideal 

noise-free  sicuacion,  che  right  hand  side  of  (16)  would  be  identically 

equal  Co  an  integer.  Equation  (17)  would  in  effect  restore  Che  unknown 

porcion  represented  by  6d/X  •  Therefore,  we  refer  to  X  as  the  max- 

om  om 

lima  resolvable  element  position  uncertainty.  Note  chac  in  [6],  X 

om 

determines  the  maximum  resolvable  slemenc  spacing.  The  procedure 
described  in  this  article  therefore  provides  a  much  higher  resolving 
power. 

Once  n  is  determined,  equations  (14)-(15)  constitute  m+1  linear 
om 

equations  in  che  m+l  unknowns  5d,  n  ,  n  n  However,  all 

o  cl  o,m-i 

of  the  variables  except  fid  are  integers.  These  equations  can  be  solved 

sequentially  to  obtain  n  ,  thereby  resolving  the  ambiguity  In  che  phase 

o 

measurements  used  for  phase  multilateration.  Specifically,  insert 

n  from  (17)  into  the  mCh  equation  u£  (14)  and  solve  for  (fid)  ,  che 
on  m 

"mCh"  estimate  of  fid.  Insert  (fid)n  into  the  (m-l)SC  equation  of  (14),  solve 

for  n  ,  and  round  to  che  nearesc  integer.  Use  chac  Integer  in  the 

sc 

(m-l)  equation  of  (14)  to  compute  (fid)  . .  Repeat  with  each  of  equations 
(14)  until  (6d) ^  is  obtained,  then  uae  (IS)  to  obtain  (and  if  desired, 
d  -  de+6d). 

The  following  example  illustrates  the  computation  process.  Suppose 

that  d  •  107.84  X  ,  that  d  •  100  X  ,  and  thus  fid  •  7.84  X  .  The  correct 
o  e  o  o 

ambiguity  integer  is  n^  •  107,  and  “  1.68*.  Assume  we  use  three 

(m-3)  auxiliary  wavelengths,  X.  -  1.4  X  ,  X,  •  1.15  X  ,  and  X,  -  1.06  X  . 

1  o  L  O  J  O 

The  beat  wavelengths  are  respectively  X  ■3,5  X  ,  X  7.67  X  ,  and  X  ,  ■ 

ol  o  o2  o  o3 

17.67  X  .  The  free-space,  error-free  values  of  che  difference  phases 
(denoted  by  superscript  "o")  are  -  1.62>r,  $°2  •  0.13s,  and  $°3  -  0.21*. 
We  add  simulated  phase  errors  Co  these  quantities  to  obtain  -  1.87ir, 

*  1.73s,  $q2  *  0.19nf  and  <f>o3  ■  0.12v. 

From  (17),  we  compute  *o3-  6  (rounded  from  5.63),  The  third  equation 
of  (14)  is  used  with  no3  to  yield  (6d) 3  •  7.08  Xq.  This  quantity  is 
substituted  into  the  second  equation  of  (14)  to  obtain  n  ,  ■  14  (rounded 

OL 

from  13.87).  The  second  equation  of  (14)  Is  again  used  with  this  integer 
value  of  no2  to  obtain  (fid)2  ■  8.11  \q.  The  process  is  repeated  to 

(10) 


E-63 


obtain  n  ,  •  30  (roundad  from  30.02),  (6d),  "  8.03  X  ,  and  finally, 
ol  10 

from  (15),  n  •  107  (rounded  from  107.10)  and  <5d  ■  7,94  X  . 

o  ° 

If  n  were  computed  in  one  step  using  only  (15)  and  the  third 
0 

equation  of  (14),  we  would  have  obtained  nQ  ■  .106  (rounded  from  106.15). 

A  sequence  of  computational  stages  is  needed  to  prevent  phase  errors  from 
corrupting  the  computations.  The  rounding  operation  prevents  Che  errors 
from  accumulating. 

At  the  (p-l)9t  (or  last)  stage  of  the  process  n^  (or  nQ)  is 

determined  from  n  (or  n  , )  by 
op  ol 


n  .  “  Round  ((n 
o,p-l 


op 


2n  MX 


-2JL 


*)  - 


o,p-l 


°i£zk] 

2  it  J 


m. 


or 


nQ  -  Round[(nol  ♦  Jfi)  -  ^] 

o 


\ 

! 

i 


(18) 


Thus  the  error  in  the  difference  phase  $  (or  0  )  is  magnified  by  the 

op  ol 

wavelength  ratio  X  /X  , (or  X  ,/X  ).  The  beat  wavelengths  can  be 
op  o,p-l'  ol  o 

selected  to  minimize  the  probability  of  an  ambiguity  error.  If  the  errors 
in  the  right  hand  side  of  (16)  and  in  the  bracketed  quantity  in  (18)  prior 
to  the  Round  operation  are  less  than  0.5  at  each  stage,  then  the  final  value 
of  nQ  will  be  correct.  Let  c  be  a  bound  on  the  error  in  the  phase  measure¬ 
ments  <p  .  Then  it  can  be  determined  from  (16)  and  (18)  chat  n  will  be 
P  o 

error  free  if 

M.i.i 

*«„  *  2 

,  „  >  (19) 

XopAo,p-l  “  ir/2e’  ?  "  » . 2 

XolAo  <  (,/2fc  +  0,5) 

* 

It  follows  from  these  inequalities  that 

<  +  0.5)(r/2e)m"1  X  (20') 

oa  o 

For  a  given  error  bound  and  a  given  maximum  size  |<$d|  of  element  position 
uncertainty,  the  minimum  number  of  auxiliary  wavelengths  required  for  error- 
free  ambiguity  resolution  can  also  be  determined  from  (20);  namely. 


m  >  1  + 


(21) 


I 


C-' 

,  V 
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log(2|«d|/[X  <1  -  2e/ir)(ir/2c  +  0.5)]} 


For  the  earlier  example  we  assumed  chat  Che  maximum  expected  phase  error 

was  e  •  0.5  radian  and  that  lid  I  ■  7.64  X  .  Then  (21)  required  use  of 

o 

three  frequencies;  (19)  and  (20)  required  that  X^  >  1.38  XQ,  X2  >  1*11  ^0» 

and  X.  >  1.03  X  . 

3  o 

In  general,  more  auxiliary  frequencies  (and  thus  wider  bandwidth)  pro¬ 
vides  higher  Immunity  of  the  ambiguity  resolution  process  to  phase  measure¬ 
ment  errors.  The  minimum  fractional  bandwidth,  derived  from  (8)  and  (19),  is 


Fractional  BW  - 


f.-f 

1  o 


X  -X 

1  o 


2e 

n+c 


(22) 


Ic  is  obvious  from  (22)  that  the  required  bandwidth  increases  as  phase 
error  increases.  The  minimum  bandwidth  for  the  previous  example  is  27.52. 
The  actual  bandwidth  is  28.62.  It  should  be  pointed  out  that  the  operating 


frequency  fQ  in  the  denominator  of  (22)  is  at  t^e  top  of  the  frequency  band 


rather  than  at  the  band  center. 


Ambiguity  Error  Probability 

Equations  (19)-(21)  describe  the  process  for  selecting  auxiliary 

frequencies  for  unambiguous  determination  of  the  ambiguity  integer  nQ  under 

the  assumption  that  phase  errors  will  be  no  larger  than  some  number  c.  In 

practice  it  will  probably  not  be  possible  to  bound  the  phase  errors  tightly 

enough  to  avoid  excessively  large  bandwidth.  The  following  analysis 

determines  the  probability  of  ambiguity  error  —  an  error  in  the  computed 

value  of  the  ambiguity  integer  n  —  for  normally  distributed  phase  errors. 

o 

Pha*ie  errors  occur  because  of  anomalous  transmission  and  noise  in 

the  phase-measuring  devices.  They  typically  have  a  bell-shaped  probability 

density  function,  but  are  always  limited  ,0  an  interval  of  length  2n.  For 

ease  of  computation  we  assume  the  phase  error  in  $  ,  denoted  by  c  ,  is 

P  P 

independent,  identically  and  normally  distributed, with  2ero  mean  and 
2 

variance  <3  .  This  assumption  of  unbounded  phase  error  will  produce  a 

slightly  pessimistic  error  probability,  but  the  effect  will  be  negligible 

if  the  standard  deviation  0  is  small. 

o 

(12) 
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The  quantity  in  brackets  in  (17)  differs  from  the  correct  integer 


n  by  the  amount 
om 


A  -id  _  <eo"c,> 


For  correct  determination  of  n  ,  X  oust  be  in  the  range  (-0. 5,  0.5). 

OB  B 

Mote  that  if  |id|  were  nearly  equal  to  X  /2,  then  correct  determination 

om 

of  n _  would  be  guaranteed  only  if  the  phase  measurement  error  (c  -  e  ) 

on  o  m 

were  negligible.  Practical  aablgulty  resolution  requires  selection  of 

a  beat  frequency  X _  which  is  somewhat  larger  than  2jid| .  We  treat 

om 

the  quantity  id  as  a  zero  mean  random  variable  which  is  uniformly  dis¬ 
tributed  over  an  interval  of  size  somewhat  saaller  than  X 


Let  Pp  denote  the  probability  that  the  computed  value  of  nQp  is 
larger  than  the  correct  value  by  the  integer  l.  Then 

Pl  -  P  U  -  0.5  <  X  <  l  +  0.5) 

m  m 

Define  a  ^  X _ /x  ,  and  a  ^  X  ./X  .  Note  that  the  quantity  in 

p-1  o«  o,p-l  o  ol  o 

brackets  in  the  first  equation  of  (18)  includes  the  error  component^ 
if  nQp  is  in  error  by  1.  Consequently 

P*  I  Po  -  -5)  <  X  <  (i-kn  +■  0.5)} 

P  1  kel  P  P_1  P"1  P-1 


2,  3,  . . . ,  m 


where  I  refers  to  the  Integers  and  the  composite  phase  error  2irX  ^  ^ 

(Vl(to'CP)  *  VVl5  18  N(0’  2(op-l  "  “p-1  +  1)oo)*  U#ln8  the 

symmetry  of  uniform  and  normal  random  variables,  it  can  be  shown  that 
Pp  "  P’1  for  p-1,  2,  ....  m. 

Finally,  from  the  second  equation  of  (18),  the  probability  chat  there 

is  no  error  in  n  is 
o 


Po  "  kcl  ?1  P  U*‘“°  ”  ’5)  <  Xo  *  (-kao  ♦  *5)}  (26> 

where  the  composite  phase  error  2irX  ^  e  (e  -e.)  -  e  is  N(0,(2a2  -  2a  +  l)o21 

o  ooi  o  o  ,o  o' 4 

The  probability  of  ambiguity  error  is  then  given  by 

Pe  ’  1  -  Po  (27) 


.  «f* -  m" - 


(27) 


Equations  (24)  -  (27)  define  a  recursive  relation  for  the  ambiguity 

error  probability  which  can  be  plotted  against  the  standard  deviation 

a  for  different  combinations  of  auxiliary  wavelengths.  Figure  3  and 
o 

Table  1  show  soma  example  combinations  under  the  assumption  chat  > 

2. S | 4d| . 

For  each  set  of  auxiliary  wavelengths,  the  ambiguity  error  prob¬ 
ability  P  decreases  toward  zero  as  o  decreases.  P  is  determined  by  the 
J  e  o  e 

element  position  uncertainty  |jdj,  the  number  of  auxiliary  wavelengths  m,  and 

the -phase  error  magnification  factors  aQ,  a^,  ....  am_]/  Curve  2  of 

Figure  3  shows  the  error  probability  of  the  suboptimal  example  system 

of  the  previous  section.  The  plots  shown  in  Figure  3  suggest  a  lower 

bound  on  the  error  probability.  For  a  given  element  position  uncertainty, 

it  la  always  possible  to  salect  a  proper  combination  of  m,  aQ,  .... 

and  therefore  the  auxiliary  wevelengtha,  to  approach  this  lower  bound. 

This  lower  bound  will  be  further  reduced  if  | 5d i  is  restricted  to  a  smaller 

fraction  of  X  .  Equations  (19)-(21)  provide  a  good  starting  point  for 
om 

determining  m  and  selecting  a  ,  a, . a  ,  for  minimum  P  -  Some  empirical 

©  i  m-i  c 

design  rules  can  be  derived  from  Figure  3.  In  general,  to  reduce  P£  it  is  best 

to  arrange  the  values  of  oq,  a^,  ...,  in  the  order  of  increasing 

magnitude.  For  lesa  than  20*,  Che  lower  bound  is  approached  if  o.q 

end  are  not  larger  chan  2.  Further  reduction  in  the  magnification 

factors  reduces  the  error  probability  only  for  larger  Furthermore, 

a  is  the  reciprocal  of  cha  fractional  bandwidth  (see  (8)  and  (22)).  There- 
o 

fore,  a  small  <x0  results  in  a  large  bendwidth. 

In  summary,  with  a  reasonable  number  and  proper  arrangement  of 

auxiliary  wavelengths,  the  ambiguity  error  probabilities  in  the  multi¬ 
frequency  method  can  be  made  negligible  for  o^  <  10*  and  can  be  maintained 

below  12  if  o  is  not  larger  than  20*. 
o 

Conclusion 

A  multifrequency  method  and  an  MLS  method  for  ambiguity  resolution 
in  phase  mulcilateratlon  systems  for  array  self-cohering  have  been  described. 
The  multi-frequency  method  has  the  capability  of  minimizing  the  effect  of 
phase  measurement  errors  end  achieves  negligible  ambiguity  error  by 
utilizing  e  set  of  auxiliary  frequencies  at  the  expense  of  wider  bandwidth. 

The  ambiguity  error  is  reduced  as  the  bandwidth  is  .increased.  For  Gaussian 
phase  errors,  the  ambiguity  error  probability  is  negligible  for  a  phase 
error  standard  deviation  smaller  than  10*.  The  error  probability  in- 
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FIGURE  3  Probability  P  of  Ambiguity  Error  vs  Standard  Deviation  o{ 
of  Phaaa  Error 

(Aasumas  id  uniformly  distributed  on  [-0.4  X  ,  0.4  X  ], 
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and  normal,  zero  mean  phase  errors  with  variance  °0*) 
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TABLE  1 


Auxiliary  Wavelength  Selections  For  Figure  3 
(In  order  of  decreasing  error  probability) 


Curve  Huaber  of 
Number  Frequencies 


Wavelength  ratios,  ai’  ^  °* 


11 

3.67 

1.5 

2.0 

17.67 

3.5 

2.19 

2.30 

11 

1.5 

3.67 

2.0 

11 

3.317 

3.317 

11 

2.75 

2.0 

2.0 

11  ' 

2.0 

2.75 

2.0 

5 

2.5 

2.0 

11 

2.0 

2.5 

2.2 

11 

2.224 

2.224 

2.224 

11 

2.0 

2.0 

2.75 

11 

1.821 

1.821 

1.821 

11 

2.0 

1.5 

3.67 

5 

2.0 

2.5 

11 

1.615 

1.615 

1.615 

5 

1.5 

1.5 

2.22 
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creases  from  zero  Co  IX  as  Che  standard  deviation  increase  from  10*  to 

20*. 

The  MLS  method  is  based  on  the  special  properties  of  the  over- 

determined  self-survey  equations  and  on  limitod  a  priori  knowledge 

of  directional  intereleaent  spacings.  In  particular,  it  makes  use 

of  the  property  that  the  least-square  phase  error  due  to  an. ambiguity 

integer  error  is  an  order  of  magnitude  larger  than  that  due  to  phase 

measurement  errors.  The  ambiguity  error  probability  is  dependent  cm  the 

accuracy  of  estimation  of  Che  interelement  spacings  and  the  number  of 

possible  integers  associated  with  each  beacon.  Advantage  of  the 

periodic  property  of  ambiguity  integers  and  of  the  singularity  of  the 

system  matrices  is  taken  to  reduce  the  amount  of  computation  by  at 

H-3 

least  a  factor  of  n  for  a  system  of  N  beacons  each  of  which  has  a 
possible  integer  set  of  size  n.  If  the  phase  errors  are  independent, 
identically  distributed  Gaussian  random  variables,  it  is  pointed  out 
that  the  MLS  method  reduces  to  a  maximum  likelihood  method. 
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ABSTRACT 

A  technique  ia  proposed  for  locating  the  elements  of  a  flexible 
phased  array  sufficiently  accurately  to  form  high  quality  beams.  The 
technique  requires  beacon  signal  phase  measurements  and  baseline  measure¬ 
ments,  but  does  not  require  the  accurate  beacon-location  knowledge  which 
is  characteristic  of  radio  navigation  schemes.  The  effects  of  phase 
measurement  errors  and  baseline  measurement  errors  on  array  beam  gain 
and  pointing  error  are  predicted. 


*This  work  has  been  supported  primarily  by  the  Air  Force  Office  of 
Scientific  Research  under  grant  AFOSR-78-3688. 


INTRODUCTION 


A  very  large  phased  array  can  produce  a  very  narrow  beam  which  Is 
useful  for  such  functions  as  tracking,  Imaging,  and  direction  finding. 
Self-cohering  of  such  an  array  can  be  difficult  because  most  large 
structures  flex  with  time,  and  the  array  cannot  be  made  rigid  without 
excessive  weight  [1].  For  example,  the  Valley  Forge  Research  Center  has 
constructed  an  X-band  (3  cm  wavelength)  synthetic-aperture  receive-only 
array  consisting  of  200  sample  points  distributed  randomly  over  a  40 
meter  aperture  on  a  suspended  cable  [2].  The  elements  are  spaced 
randomly  along  the  dimension  perpendicular  to  the  line  of  sight,  with 
average. sample-to-sample  spacing  of  seven  wavelengths,  and  the  sample 
positions  vary  randomly  from  their  design  values  by  a  wavelength  or  more 
in  all  three  dimensions.  A  low  frequency  (75  MHz)  signal  is  cabled  to 
a  stationary  transmitter  and  to  the  receiving  element.  This  signal  is 
multiplied  to  X-band  to  provide  the  phase  reference  for  both  transmitter 
and  receiver.  A  300  m  x  300  m  target  region  on  the  ground  at  a  range  of 
seven  kilometers  is  illuminated  by  narrow  pulses  from  the  transmitter 
with  a  beamwidth  of  5*.  Quadrature  detection  is  used  to  measure  Che 
relative  amplitude  and  phase  of  the  target  reflections  at  each  element 
position  as  the  receiver  is  transported  along  the  cable.  These  measured 
phasors  are  processed  digitally  to  form  a  high  resolution  image  of  the 
target  region. 

A  new  array  is  under  construction,  consisting  of  up  to  256  real 
antenna  elements  placed  randomly  over  a  100  meter  diameter  hillside  region 
for  imaging  of  airborne  targets.  This  array  will  be  approximately  planar. 
In  this  array  the  low  frequency  reference  signal  will  be  passed  through  an 


•  .  1 
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impedance-matched  power  divider,  distributed  by  cable  to  the  elements,  then 
multiplied  to  X-band  to  provide  the  element  phase  references. 

The  motivation  for  this  article  is  self-cohering  of  a  large,  very 
sparse,  random  conformal,  recelve-only  phased  array.  A  self-survey 
technique  for  self-cohering  of  a  large  array  is  introduced  in  [3]  and 
demonstrated  experimentally  in  [4].  That  technique  requires  knowledge 
of  the  positions  of  a  set  of  beacons.  This  article  focuses  on  a  generalized 
self-survey  technique  which  does  not  require  knowledge  of  the  beacon 
positions.  Although  the  technique  is  designed  for  sparse  arrays  in  which 
mutual  coupling  can  be  ignored,  it  may  prove  to  be  useful  in  self-cohering 
of  conventional  phased  arrays. 

A  two-dimensional  radar  image  with  high  cross-range  resolution 
requires  a  large  aperture  only  in  the  cross-range  dimension.  Thus,  a 
one-dimensional  (or  linear)  array  with  a  fan  beam  is  appropriate.  If 
the  array  is  very  large,  the  element  positions  cannot  be  controlled 
accurately.  Such  an  array  is  illustrated  In  Figure  1.  Since  element 
position  deviations  perpendicular  to  the  x-y  plane  have  little  effect 
on  the  beam,  they  can  be  ignored.  Thus  the  array  is  essentially  a  two- 
dimensional  array  which  forms  beams  in  the  plane  of  the  array.  It  is 
such  two-dimensional  arrays  which  are  the  focus  of  the  analysis  in  this 
article.  It  may  be  desirable  in  some  applications  to  adjust  the  element 
positions  in  order  to  conform  to  some  surface  significantly  different 
from  a  straight  line.  If  most  of  the  elements  deviate  from  a  straight 
line  by  less  than  0.1  radian  (as  seen  from  the  reference  element)  we 
refer  to  the  array  as  an  approximately  linear  array. 
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FIGURE  1  Array  Geometry 
(Phase  Reference  Cables  Not  Shown) 

Figure  1  shows  a  two— dimensional  raceive-only  array  which  forma 
beams  in  the  plane  of  the  array.  The  system  includes  several  microwave 
beacons  in  the  far-fiald  of  the  array.  (.These  beacons  can  be  passive 
point  reflectors  such  as  corner  reflectors.)  One  of  the  array  elements 
is  selected  as  a  phase  reference  element  and  as  the  origin  of  the 
coordinate  system.  Signals  received  at  the  reference  element  are 
transmitted  by  cable  to  each  of  the  other  elements  of  the  array.  We 
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measure  Che  signal  phase  (relaclve  Co  Che  cabled  reference)  ac  each  array 

fr 

elemenc,  Chen  phase  shifc  and  sum  Che  measured  phasors  in  order  Co  compuce 
Che  array  ouCpuC.  The  amounc  of  phase  shifc  required  ac  each  elemenc  in 
order  Co  focus  che  beam  is  decermined  from  Che  desired  focal  point,  Che 
array  elemenc  positions,  and  che  delays  in  Che  cables.  The  generalized 
self-survey  technique  uses  simulcaneously  Che  phase  measuremencs  of  Che 
beacon  signals  ac  a  subsec  of  che  array  elemencs  to  determine  che  re¬ 
quired  array  elemenc  positions  and  the  cable  delays.  Ic  also  provides, 
as  a  byproduct,  che  beacon  locations.  The  computed  elemenc  posidons  and 
cable  delays  are  chen  used  Co  focus  che  array  for  cracking,  imaging,  or 
ocher  purposes. 

PHASE  MULTILATERATIQN 

The  self-survey  is  basically  a  phase  multilateracion  technique.  Ic 
works  as  follows.  The  beacons  are  blinked  consecutively.  (If  the  beacons 
are  passive,  they  must  be  ac  different  ranges  so  the  corresponding  returns 
can  be  separated.)  At  each  elemenc  of  the  array,  the  signals  received 
from  each  beacon  are  compared  in  phase  to  the  corresponding  signals  re¬ 
ceived  at  the  reference  element  (see  Fig.  1).  The  relations  between  the 
phase  measurements  and  the  geometry  are  identical  with  those  described  in 
[3].  That  is,  the  phase  of  the  beacon  signal  received  at  element 
1  relative  to  the  corresponding  beacon  signal  received  at  the  reference 
elemenc  and  delivered  by  cable  to  elemenc  i  is 


Pij  ’  k(xjC08^j  +  +  <>i 
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where  (x^,y^)  represents  the  coordinates  of  the  iC^  element,  is  the 
cable  delay  at  the  iC^  element,  and  <|>  is  the  angle  of  the  jC^  far-field 
beacon  relative  to  the  coordinate  system;  k  »  2i»/X,  where  X  is  the  wave¬ 
length  nf  the  beacon  signal.  The  measured  phase  difference  corresponding 
to  transmission  from  the  jC^  beacon  is 

m.sOooOv  o  -O 

♦  ij  "  k(x^cos^j  +  y^sinip^ )  +  ^  +  $  -  2lTnij 

where  is  the  phase  deviation  relative  to  free-space  theory  (owing  to 
multipath,  receiver  noise,  etc.)  and  n^  is  the  number  of  multiples  of 
2tt  removed  by  the  mod-2ir  measurement  process.  The  superscript  "o" 
denotes  exact  values  of  x^,  y^,  ipj  ,  and  n^ . 

o 

Two  methods  for  determining  the  correct  ambiguity  Integers  (n..^} 
are  introduced  in  [5].  The  first  mechod  tries  each  possible  combination 
of  integers  (n^ }  which  is  consistent  with  the  region  of  uncertainty, 
computes  the  least-square  error  of  the  self-survey  solution  corresponding 
to  each  set,  and  picka  as  the  correct  combination  of  integers  the  one 
with  the  smallest  least-square  error.  The  second  method  uses  a  sequence 
of  increasing  frequencies  to  progressively  reduce  the  region  of  un¬ 
certainty  until  there  la  no  ambiguity. 

Suppose  the  phase  ambiguity  in  each  measurement  (the  uncertainty 


(2) 


in  n^)  has  been  removed.  Define  +  2ira°j. 


_  md 
Then  <fr  and 


are  comparable  quantities.  Measurements  of  the  form  (2)  for  M 
beacons  and  N  elements  (not  including  the  reference  element)  produce 
the  equations 


PiJ(xi’7i’ W 


i  -  1,  ....  M,  J-l, 
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We  solve  these  equations  simultaneously  in  a  least-square  error  sense. 

That  is,  we  pick  the  variables  x^,  y^,  and  ^  to  minimize 
M  N  ,  , 

»-  Z  l  !♦??  -f.,1  <4> 

i-1  j-1  XJ 

The  rmnn  0f  V  can  be  found  by  equating  to  zero  the  partial 
derivatives  of  V  relative  to  x^,  y^,  and  tpj  for  i  *  1,  . . . ,  M, 
j  ■  1,  ....  N.  It  is  shown  in  the  next  section  that  the  resulting  3M  +■  N 
simultaneous  nonlinear  equations  are  not  independent,  but  have  a  continuum 
of  solutions.  In  order  to  remove  the  dependencies  (or  degrees  of  freedom) 
from  the  equations,  a  baseline  element  is  defined  (denoted  the  element) 
and  its  coordinates  x^.y^)  are  measured  separately  from  the  self-survey 
process.  The  remaining  (3M+N-2)  equations  are  shown  in  (A-l)  of  the  Appendix. 

We  can  solve  the  equations  simultaneously  or  we  can  process  only 
a  subset  of  the  elements  and  beacons  at  one  time.  For  M  elements  and  N 
beacons  treated  simultaneously,  we  have  (3H  +  N  -  2)  variables  and  MN 
measured  values.  The  number  of  measurements  must  at  least  equal  the 
number  of  unknowns  in  order  that  the  equations  adequately  define  the 
solution.  Thus  MN  a  3M  +  N  -  2,  or  M  2  (N  -  2)/(N  -  3).  It  is  apparent 
that  the  smallest  number  of  beacons  that  can.  be  included  in  the  pro¬ 
cessing  group  is  N  •  4.  The  corresponding  minimum  number  of  elements 
is  M  ■  2. 


BASELINE  VARIABLES 

In  this  section  we  show  that  the  equations  for  a  two-dimensional 
array  have  two  degrees  of  freedom-electrical  freedom  and  rotational 


6 

E-78 


freedom.  Then  we  designace  a  pair  of  "baseline  variables"  which  must 
be  measured  separately  from  the  self-survey  process  in  order  to  elim¬ 
inate  chat  freedom  and  produce  a  unique  solution.  Equation  (1)  can 
be  written 


P1J  "  kricos^91*'t'j)  +  $£  ( : 

where  (r^.6^)  is  tlle  element  position  in  polar  coordinates.  In  this 
polar  form  it  is  easier  to  recognize  special  features  associated  with 
linear  (or  nearly  linear)  arrays.  The  freedom  in  the  solution  to  the 
self-survey  equations  can  be  thought  of  as  changes  in  the  variables 
ri,ei’ which  do  ooc  «f*ect  che  phase  measurements  .  If  we 
rotate  the  whole  system  (array  and  beacons)  around  the  origin  of  the 
coordinate  system,  the  element  positions  and  beacon  directions  change 
but  the  phase  measurements  remain  the  same.  Thus,  the  solution 
to  the  equations  has  one  degree  of  rotational  freedom.  We  explore  the 
degrees  of  freedom  further  for  the  case  of  a  linear  array  (0^  ■  constant) . 
Without  loss  of  generality,  we  treat  the  case  6^  ■  0.  If  we  increment  the 

variables  In  (5)  by  the  arbitrary  amounts  dr^,  60^,  6i^ ,  and  <5^  and  let 
0i  -  0,  the  resulting  change  in  P^  satisfies 
6P . . 

— il_  ■  co8<^  [co8(d^j-d0^)-l]-sin^  sin^^-de^)  + 

1  i 

iri 

+  - —  [cosit  ,co8(di(/  -68  )  -sin^.sin(di|/  -63  )] 

J  J  1  j  j  i 


Let  dr^  -  0,  d$^  ■  0,  and  68^  ■  d^  for  all  i  and  J.  This  set  of 
variable  changes,  which  constitutes  the  above-mentioned  geometric 
rotation,  maintains  “0.  In  order  to  remove  the  rotational 
freedom,  we  fix  one  of  the  variables;  for  example,  66.,  -  0. 

X 
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The  linearity  of  the  array  Introduces  a  second  degree  of  freedom. 

ir^  6r^ 

We  now  assume  that  66 ,  ■  0,  and  6$.  ■  0  for  all  i,  and  let  -  •  - 

11  rl  rl 

for  all  elements  of  the  array  (a  pure  stretch) .  According  to  (6)  the 
array  can  be  stretched  without  changing  P  If 

6?u 

--  <1  -  cosy/,  (cosdy/  -l]-siny/  sirSy/ 


+ — -[cosy/,cos6y/  -siny/  ,sin<Sy/  ]  ■  0 

i  i  i  J 


cosii/jCosdy/j-siny/jSlady/^ 


1-HSr^/  r^ 


The  nonlinear  equation  (7)  can  be  solved,  for  each  value  of  j ,  co  yield 
a  sec  of  beacon  position  changes  {dy/^}  which  will  compensate  for  the  array 
stretch.  For  small  values  of  the  stretch  ratio  6r^/r^,  equation  (7)  is 
approximately  linear  in  dy/^  and  can  be  solved  in  closed  form;  6y^  ■ 
(6r^/r^)coty/j .  Computer  simulations  demonstrate  that  this  stretch 
freedom  is  a  degeneracy  freedom  which  arises  only  if  the  array  is  ex¬ 
actly  linear. 

The  existence  of  the  unknown  cable  delay  adds  a  third  degree  of 
freedom.  Suppose  that  the  array  is  linear  (0^*0),  that  60^  »  0  and  5r^  » 
0  (no  rotation  or  stretch),  and  introduce  a  phase  tilt  into  the  cable 
delays;  64^/kr^  ■  6y>^/kr^  for  all  i.  This  phase  tilt  can  be  compensated 
for  by  beacon  position  changes  {6y/j}  which  satisfy 
6? 

— LL_  ■  c.osy/,  (cosdy/ ,-l]-siny/  Sin6y>  +6$.  /kt.  •  0 
kr,  J  J  J  j  1  i 


For  small  tilt  factors  6$^/kr^,  (8)  is  approximately  linear  in  6\p^  ,  and 
6y/j  ■  6$^/kr^siny/j  .  Computer  simulations  show  that  this  electrical  freedom 
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also  exists  for  arrays  which  are  not  linear,  although  the  resulting 
freedom  is  then  more  complicated  than  a  pure  phase  tilt. 

In  aunnaarv,  the  self-survey  equations  for  a  two-dimensional  array 
have  two  d<  ’re  ;s  of  freedom,  rotational  freedom  (inherent  in  the  geo¬ 
metry)  and  electrical  freedom  (introduced  by  the  cable  delay) .  If  the 
array  is  exactly  linear,  the  geometry  Introduces  a  third  (stretch) 
freedom. 

Computer  simulations  demonstrate  that,  except  for  a  perfectly  linear 
array,,  fixing  two  appropriate  variables  in  the  equations  will  produce 
a  unique  solution.  It  is  probably  most  convenient  to  designate  one 
element  of  the  array  as  the  baseline  element  and  measure  its  coordinates 
relative  to  the  reference  element.  In  this  article  we  assume  such  a 
baseline  has  been  defined  and  that  its  coordinates  have  been 

measured  separetely  from  the  self-survey  process. 

CONVERGENCE  PROPERTIES 

The  nonlinear  equations  (A-l)  of  the  Appendix  have  been  solved  by  Newton's 
iterative  method  for  a  variety  of  geometries,  using  50  different  sets  of  initial 
estimates  for  each  geometry  [6].  Each  set  of  initial  estimates  consisted 
of  element  coordinates  which  deviated  1  to  6  wavelengths  from  the  true 
values,  beacon  angles  which  dsviated  1  to  4  array  beaswidths  from  the 
true  values,  and  arbitrarily  chosen  values  for  cable  delays.  The  Newton 
iteration  consistently  converged  to  within  4  significant  digits  of  the 
correct  solution  within  5  or  4  iterations  for  initial  estimates  which 
consisted  of  element  coordinates  within  3  wavelengths  of  the  true  values, 
beacon  angles  within  3  beamwldths  of  the  true  values,  and  arbitrary 
values  for  cable  delays  [7].  Since  the  mod-2ir  ambiguities  are  assumed 


to  h  een  resolved,  the  remaining  uncertainty  in  each  element  location 
la  less  than  one  wavelength.  Consequently,  the  initial  estimate  associated 
with  each  element  location  lies  well  within  the  3  wavelength  convergence 
radius. 

The  good  convergence  properties  described  above  assume  adequate  ' 
accuracy  in  the  computations.  For  a  given  array  size,  if  the  beacons 
are  too  closely  spaced  the  equations  will  be  ill-conditioned.  The  beacon 
separation,  expressed  in  array  beamvidths,  is  a  measure  of  the  equation 
conditioning.  The  more  ill-conditioned  the  equations,  the  more  pre¬ 
cision  is  needed  for  accurate  computation.  Thus,  if  the  target  field 
of  view  is  very  narrow,  the  array  must  be  very  large  (the  beamwidth 

small)  in  order  to  permit  accurate  computation  with  limited  computer 
precision.  For  example,  computer  simulations  of  four-beacon  geometries 
with  a  sixteen-digit  computer  showed  that  a  minimum  Interbeacon  spacing 
of  twenty-eight  beamwldths  was  required  to  guarantee  that  the  round¬ 
off  errors  would  not  affect  convergence. 

TOLERANCE  TO  MEASUREMENT  ERRORS 

The  estimates  of  element  position  (x^y^)  end  cable  delay  ^  pro¬ 
vided  by  the  generalized  self-survey  technique  described  above  will  be 
in  error  because  of  the  errors  in  the  beacon  signal  phase  measurements 
and  the  errors  in  the  baseline  measurements.  These  errors  in  the  self¬ 
survey,  in  turn,  cause  errors  in  beam  formation.  The  self-survey  is 
carried  out  primarily  to  achieve  beamforming.  Therefore  we  focus  on  the 
beaaforming  phase  errors  rather  than  the  errors  in  the  element  positions 
and  cable  delays. 


The  vector  of  unknowns  is 


X  -  (xr  yv  ^ . x^_v  yM_lt  4>M_x.  *M.  *x.  •••  f'jjl1  <5 

Note  thet  y^  ere  missing  in  (9)  because  the  coordinates  of  a  base¬ 
line  element ,  denoted  by  (x^,  y^),  are  measured  separately  from  the 

self-survey  in  order  that  the  algorithm  produce  a  unique  solution. 

T 

Let  X^  aenote  the  baseline  column  vector  [x^,  y^]  and  #  the  vector 
of  phase  measurements  in  (3). 

In  order  to  find  the  relationship  between  che  errors  dX  in  the 
solution  and  the  measurement  errors  *  and  dX^  which  cause  them,  under 

the  assumption  that  the  errors  are  small,  we  take  the  total  differentials 
of  the  nonlinear  equations  (gp(X)  -  0}  in  (A-l)  of  the  Appendix. 

Specifically,  ve  take  the  differentials  of  (gp(X)}  with  respect  to  the 
variables  y^,  ^ and  and  evaluate  all  the  variables  at  their 

error-free  values.  The  resulting  equations,  which  are  linear  in  the 
error  variables,  can  be  expressed  in  the  matrix  form 

dX  -  -  H’HdXj,  (XC 

where  dX  -  [dx^dy^d^ . d^]T,  dXM  -  [dx^dy^1,  •  -  [♦u^ . g’ 

and  is  the  error  in 

The  elements  of  the  matrix  H  are  partial  derivatives  of  the  functions 

{gp(X)}  relative  to  the  unknown  parameters  in  X.  F  consists  of  the  partial 

derivatives  of  the  functions  {gp}  relative  to  the  phase  measurement  errors 

U  }.  L  consists  of  the  partial  derivatives  of  the  functions  {g  }  relative 

P 

to  the  baseline  coordinates  (x^y^.  The  detailed  expressions  for  H,  F, 
end  L  are  given  in  the  Appendix. 


■%*%.«%  d*w.«.-^e,1  l,  i  ,  l ,  i.  «  c, 
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In  order  Co  steer  Che  beam  formed  by  the  array  to  the  angle 
the  signal  received  at  element  1  must  be  phase-shifted  by  an  amount 
P  •  k(x^cos<p  +  y^sint|/)  +  The  error  in  this  phase  shift  owing  to 
those  self-survey  errors  which  are  associated  with  element  1  can  be 
represented  by 

<5Pt  ■  RdXj^  1-1,  ....  M 

T 

where  R  ■  [kcogij;,  ksinip,  1]  and  dX^  -  [dx^,  dy^  d^]  .  In  the  Appendix 
we  derive  the  following  structural  form  for  <5P^,  the  beamforming  phase 
error  at  element  1: 


!-[«! . r»ll"l  *  ktl<sUf---'W  r*ll]+krl(Yir',12ird*M";  cl2) 


L*mkJ 


where  the  variable  r^  is  the  distance  of  the  i  element  from  the  origin 
of  the  coordinate  system,  and  k  is  the  wave  number;  Oj,  6^,  and 
are  complicated  functions  of  the  variables.  The  subscript  1  refers  to 
the  element  at  which  the  phase  error  6P^  occurs  during  beamf orming .  The 
subscript  q  refers  to  the  element  at  which  the  phase  measurement  error  $  ^ 
occurs  during  the  self  survey  phase  measurement  process.  The  subscript  J 
refers  to  the  beacon  associated  with  the  phase  measurement  error  $  , .  The 

qJ 

subscript  p  refers  to  the  error  in  the  p  coordinate  of  the  baseline  element. 

In  most  applications  intended  for  two-dimensional  radar  imaging  the 
array  will  be  linear  or  approximately  linear,  as  discussed  in  the  intro¬ 
duction.  It  can  be  shown  that  for  a  linear  array  and  ar*  indepen¬ 

dent  of  1  [7].  In  the  succeeding  tolerance  analysis  we  focus  on  the 
linear  array  and  drop  the  subscript  i  from  these  coefficients.  In  the 
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case  of  the  linear  array,  equation  (12)  can  be  wriccen  in  the  form 


N*‘-  ‘‘  V 


(H  ^ 


s'.  %\ 

K’s 

v*„*  *■  ( 

V*  4 


S.*/ 
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6Pi  "  6PiG  +  kri6PP  +  kri6PB  (13) 

where  the  subscripts  G,  P,  and  B  are  used  to  imply  that  the  three  terms 
of  (13)  lead  to  reduced  gain,  pointing  error,  and  baseline- induced 

pointing  error,  respectively,  as  described  below.  The  error  phenomena 
are  determined  primarily  by  the  k  and  r^  structure  of  (12) .  This  structure 
is  derived  in  the  Appendix. 

PHASE- INDUCED  GAIN  REDUCTION 

Detailed  examination  of  the  matrices  involved  in  (10)  and  (11)  shows 
that  the  coefficients  depend  only  on  the  beacon  distribution  and 

the  beamformicg  angle  ^ ,  and  are  Independent  of  the  array  geometry  and 

Che  wave  number  k  (Aooendix) .  The  first  term  of  (12)  involves  the  phase 

% 

measurement  errors  associated  only  with  element  i.  Since  the  coefficients 

{<jj}  are  identical  for  all. array  elements  and  the  phase  errors  4^  which 

multiply  the  a  vary  randomly  from  element  to  element,  6P.,,  represents 
J 

a  beamforming  phase  error  which  is  random  across  the  array.  According 
to  [8] ,  such  beamforming  phase  errors  result  primarily  in  reduction  in 
the  expected  gain  of  the  main  beam.  Assume  che  phase  measurement  errors 
($.,}  are  independent,  zero  mean,  and  identically  distributed,  with  variance 

”  M 

2  222  j  a  2 

a,.  Then  6P._  ia  zero  mean  with  variance  of  ■  a  of,  where  a  ■  T  af.  The 

9  Xv*  G  9  j 

2  J  1 

expected  reduction  in  gain  is  exp(-o(.);  if  <  0.5  radian,  the  expected 
reduction  in  gain  owing  to  the  phase  errors  will  be  less  chan  1  dB  [8], 

A  typical  curve  of  a  as  a  function  of  beampointing  angle  is  given  in 
Figure  2,  It  can  be  shown  that  for  most  distributions  of  the  beacons, 
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a  <  1  for  beam  pointing  directions  within  the  spread  of  the  beacons  [3,7]. 


Consequently  <  o^.  For  certain  poor  distributions  of  the  beacons,  such 
as  chose  for  which  beacons  are  bunched  into  two  regions,  the  value  of  a 
can  grow  large  for  all  pointing  angles  except  those  in  the  angular  spread 
of  each  bunch.  We  refer  to  this  magnification  of  measurement  errors  owing 
to  poor  beacon  geometry  as  geometric  dilution  of  precision  (GDOP) . 


PHASE- INDUCED  POINTING  ERROR 


The  Appendix  shows  chat  the  second  term  of  (12)  is  proportional  to 


r.  and  independent  of  k.  The  factor  kr  is  removed  in  (12),  leaving  8. 

1  i  iqj 


proportional  to  X;  6  also  depends  on  Che  beacon  distribution,  the  beam- 

iqj 


forming  angle,  and  the  array  geometry.  Each  coefficient  6^  includes 


th 


a  factor  of  the  form  rqU,  where  r^  is  the  radius  to  the  q  element 


and  U  is  shown  in  (A-13) .  Consequently,  B.  .  is  inversely  proportional 

iqj 


to  che  array  size.  That  is,  if  all  dimensions  of  the  array  are  doubled. 


each  6^  will  be  halved.  If  Che  array  is  linear,  it  can  be  shown  that 


Sqj.  Under 'the  previously  mentioned  assumptions  concerning  the 


random  phase  errors  {$  },  the  pointing  error  6P  is  zero  mean  with 

2  2  2  ^  2^2 

variance  o_  •  6  a,,  where  6*1  6  .  A  typical  curve  of  6  versus 

*  T  i  Q 

q-1  n 


beam  pointing  angle  ^  is  shown  in  Figure  2.  We  computed  3(<i>)  for  50 
randomly  selected  geometries,  each  consisting  of  4  beacon  positions  and 
6  element  positions;  the  elements  in  each  geometry  formed  a  linear  array. 
The  simulations  consistently  showed  that  for  pointing  directions  within 
the  spread  of  the  beacon i,  B  i  0.3  X/L,  where  L  is  the  length  of  the  array 
Thus,  we  expect  B  to  be  significantly  smaller  than  the  array  beamwldth. 


It  follows  that  the  standard  deviation  in  pointing  error  owing  to  phase 


measurement  error  can  be  expected  to  satisfy  o_  i.  0.3  —  o.  .  In  practice, 

r  L  <p 


the  array  elements  would  be  surveyed  in  groups  of  6,  each  group  forming 
a  subarray  of  about  the  same  length  (L)  and  using  the  same  baseline. 


BASELINE- INDUCED  POINTING  ERROR 

The  third  term  of  (12)  pertains  to  baseline  measurement  errors. 

The  Appendix  shows  that  the  third  term  of  (12)  is  proportional  to  kr^ 

The  coefficient  y^  depends  on  the  beacon  distribution,  the  beamforming 
apgle,  and  the  array  geometry,  but  is  independent  of  wavelength;  y^  in¬ 
cludes  a  factor  of  the  form  r^U,  where  r^  is  the  length  of  the  baseline 

and  U  is  shown  in  (A-13) .  Therefore,  y  is  inversely  proportional  to 

array  size  L.  If  the  array  is  linear,  it  can  shown  that  y.  -*•  yD. 

ip  P 

The  baseline  errors _{dx^,dy^}  are  also  independent  of  i.  Therefore,  if 

the  array  is  linear  the  third  term  of  (12)  produces  a  ohase  tilt  across 

the  array,  and  thus  a  cure  pointing  error  in  the  beam.  It  is  interesting 

that  even  a  pure  stretch  error  in  the  baseline  (5y  *0)  causes  a  oure 

M 

pointing  error  in  the  linear  array. 

Assume  the  baseline  measurement  errors  dx^  and  dy^  are  independent, 
zero  mean,  and  identically  distributed  with  variance  o^.  The  resulting 

baseline- Induced  pointing  error  6P  is  then  zero  mean  with  variance  • 

2o  B 

Y  a  »  where  y*  •  £  y_.  We  computed  y(^)  for  the  50  randomly  selected 

j-1 

linear  array  geometries  described  earlier.  A  typical  result  is  shown  in 

Figure  2,  The  simulations  show  that  for  nolntlng  directions  within  the 

spread  of  the  beacons,  y  <  /2/L,  conseauently,  a_  s  /2  a  /L. 

B  X 

If  the  same  baseline  is  used  in  self-survey  of  each  subset  of 
elements  of  the  array,  and  if  the  length  of  each  subset  is  approximately 
the  baseline  length,  then  the  resulting  pointing  error  in  the  full  array 
will  be  essentially  the  one  predicted  by  <5P_  (with  variance  o„).  The 
pointing  error  does  not  apply  randomly  to  each  pointing  direction. 

Rather,  the  pointing  error  will  typically  exhibit  a  smooth  unimodal 
change  as  the  beam  is  scanned  across  the  target  [4].  Thus  a  target  will 
be  stretched  or  shrunk  according  to  its  position  within  the  spread  of 


Che  beacons.  The  total  stretch  (or  shrinking)  of  Che  whole  beacon  spread 
is  in  che  order  of  Similar  comments  can  be  made  concerning  phase- 

induced  pointing  error;  in  che  imaging  process,  after  che  self-survey 
has  been  completed,  it  typically  exhibits  a  smooth  unimodal  variation 
across  che  array. 

ERROR  TOLERANCE  SUMMARY 

In  sum,  we  make  Che  following  conclusions  concerning  an  array 
which  is  self-cohered  by  the  generalized  self-survey  technique*  described 
in  this  article.  Only  four  beacons  are  required.  We  assume  the 
self-cohered  array  is  used  for  beamforming  or  imaging  only  within  the 
spread  of  che  beacons.  For  any  reasonably  uniform  distribution  of  these 
beacons,  the  errors  in  beacon  phase  measurements  and  in  baahline  measure¬ 
ments  cause  limited  gain  reduction  and  pointing  error  during  imaging. 

The  gain  reduction  and  pointing  error  vary  smoothly  and  unimodally 
across  the  imaged  region.  Consequently,  the  image  of  a  target  of  some¬ 
what  limited  extent  is  slightly  stretched  or  shrunk,  and  the 
intensity  relative  to  sldelobe  artifacts  is  slightly  reduced. 

If  the  array  is  linear  (or  approximately  linear)  the  gain  reduction  is 

due  primarily  to  the  beacon  phase  measurement  errors.  The  expected  gain 

2  2 

reduction  factor' is  exp(-o^),  where  is  the  variance  of  the  beacon  phase 
measurement  errors.  For  the  linear  (or  approximately  linear)  array  the 
pointing  error  has  two  statistically  independent  components,  caused  by 
the  beacon  phase  measurement  errors  and  baseline  measurement  errors, 
respectively.  The  standard  deviations  of  these  two  components  are 


where  L  is  Che  array  size,  X  is  Che  wavelength,  and  Is  the  standard 

deviation  in  each  component  of  the  baseline  measurement  error.  Suppose 

o  *0.5  radian,  L  ■  1000X,  and  o  ■  X.  Then  the  expected  reduction  in 
(j)  x 

gain  owing  to  self-survey  errors  would  be  1  dB  and  the  corresponding 
standard  deviation  in  pointing  error  would  be  1.4  mrad  (1.4  beamwidths). 

The  phase  errors  in  the  target  data  used  for  imaging  are  not  included 
in  this  analysis.  These  additional  phase  errors,  if  random  across  the 
array,  would  lead  to  additional  gain  reduction.  If  the  array  were  not 
approximately  linear,  the  second  and  third  terms  of  (12)  would  al3o 
lead  to  some  beam  defocuslng  and  gain  reduction  In  addition  to  the 
pointing  error. 

EXTENSIONS 

Reference  [7]  shows  that  the  standard  deviation  o^  of  the  errors 
in  the  computed  values  of  the  beacon  angles,  owing  to  the  measurement 
errors,  satisfies 

V(o.^V2m4>2  a 

This  result  may  be  useful  in  certain  direction-finding  applications. 
Reference  [7]  also  describes  the  extension  of  the  self-survey  process 
to  a  three-dimensional  geometry.  The  three-dimensional  equations  result 
in  more  degrees  of  freedom  (baseline  variables)  than  the  tvc  associated 
with  the  two-dimensional  equations.  The  convergence  propoeties  and  the 
tolerance  relationships  for  the  three-dimensional  system  have  not  been 
thoroughly  analyzed,  but  ere  expected  to  be  similar  to  those  of  the  two- 
dimensional  system. 


EXPERIMENTAL  SELF-SURVEY 


The  self-survey  algorithm  has  been  extended  to  near-field,  synthetic 
aperture-systems  and  used  to  successful  cohere  experimental  X-band  (3  cm) 
synthetic  aperture  radar  data  [9].  The  exoeriment  used  seven  randomly 
selected  synthetic  aperture  element  positions  spread  over  a  linear  27  m 
aperture.  Reflections  from  four  corner  reflectors  in  different  range 

bins  at  a  range  of  approximately  250  m  were  used  as  beacons  signals. 

The  element  positions  were  measured  to  within  about  1/3  wavelength. 

The  beacon  (corner  reflector)  positions  were  measured  to  within  about 
1.3  wavelengths.  One  of  the  element  positions  was  selected  as  the  re¬ 
ference  element  and  for  each  beacon  its  round  trip  phase  delay  was  sub¬ 
tracted  from  the  round  crip  phase  delays  at  six  other  elements  in  order 
to  obtain  phase  delays  relative  to  Che  reference  element.  These 
differential  phase  delays  were  used  in  the  self-survey  algorithm  to 
compute  the  six-element  positions.  The  six-element  array  (plus  re¬ 
ference)  was  used  to  image  the  neighborhood  of  one  of  the  corner 
reflectors  using  only  the  measured  element  positions,  resulting  in  a 
poor  image  with  sldelobes  higher  than  the  main  lobe.  The  Imaging  pro¬ 
cess  was  repeated  using  the  element  positions  computed  by  the  self¬ 
survey  process.  The  latter  image  was  essentially  the  image  exoecced 
from  a  perfectly  surveyed  seven-element  random  array.  The  direction  of 
the  image  was  shifted  from  the  measured  target  direction  by  an  amount 
essentially  equal  to  that  predicted  by  (14). 


SUMMARY 


A  phase  multilateration  scheme  is  used  Co  locate  Che  elements  of 
a  very  large,  very  sparse,  poorly  surveyed  array  with  sufficient  accuracy 
to  permit  formation  of  high  quality  beams.  The  scheme  requires  phase 
measurement,  at  each  element,  of  the  signals  from  each  of  four  point 
targets  or  beacons.  These  target  signals  must  be  separable  In  time 
(or  range).  The  scheme  also  requires  measurement  of  the  location  of 
a  baseline  element.  Errors  in  these  self  survey  phase  measurements 
and  baseline  measurements  lead  to  gain  loss  and  pointing  error  during 
beam  formation.  The  expected  loss  and  pointing  error  are  derived  for  the 
typical  case  of  an  approximately  linear  array.  These  errors  do  not 
cause  serious  image  distortions  for  beam  pointing  directions  within 
the  spread  of  the  beacons.  These  conclusions  have  been  verified 
experimentally  with  synthetic  aperture  radar  data. 


✓  / 
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APPEJjTOIX  -  STRUCTURE  OF  EQUATION  (12) 


*  »*• 


■ 


■*/ 


IT! 


The  self-survey  eouations  are  obcalned  by  equating  to  zero  the 
partial  derivatives  of  (4)  with  respect  to  y^(i-l,  . M-l); 

(i-1,  M) ;  and  <1^  (1-1,  , N) .  These  four  sets  of  equations  are: 


i  “l  (♦”j-kxicosi)jj-kyi9iniJ(j-iti)(kco8*j)  -  0, 


1-1,  ....  (M-l) 


4  md 

(i+M-1)  "  £  (*™j-,otico84';j-'ty1a^nii'<-^1)(ksin^j)  -  0,  1-1,  ....  (M-l) 


#—  . 

(i^2M-2)".J51<*ij*telC0#*j'kVin*j'*i) 


-  0,  1-1,  M 


4  4  md 

g(j+3M-2)“  £  (*iJ-l«1co8^-ky1slnii/j-*1)(kx13ini|/j-kyico8*j)  -  0, 

[ 

J-l . N  i 

The  tolerance  equations  consist  in  the  total  differencials  of  the  equations 
(A-l)  subject  to  the  conditions  =  k^cosi^+y^ini^  )-h>i.  They  can  be 
written  In  the  matrix  form 

H  dX  +  F  *  4-  LdXfl  -  0 

where  dX  -  (dx^  dyr  d^t  ....  dx^,  dy^.  d*M_r  d*M,  d^,  dy ,  dX,{ 

(dx^,  dy^) ,  and  *  -  •••»  4^).  The  tolerance  results  in  this  paper  re¬ 

quire  determination  of  the  k  and  ^  structure  of  (10)  where  t±  Is  the  radial 
coordinate  of  element  1.  This  Appendix  presents  the  k  and  r^  structure  of 

H  \  F,  and  L.  H  can  be  partitioned  in  the  form 

H  - 


(A-l). 


n 


(A-2)-. 


n 

D- 


ca-3)  ; ! 
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where  A  and  D  are  square  and  invertible.  Then 


A~1+A~1B(D-CA~1B)“iCA“1 


-(d-ca”1b)-1ca~1 


A  B(D-CA 


(D-CA_1B)'1 


We  show  only  the  structure  of  k  and  r^  in  each  of  the  following  matrices. 
Blank  entries  are  zero.  Each  non-zero  element  includes  an  additional 


trigonometric  factor  which  depends  on  beacon  angles  and  element  nosition 
angles.  Signs  of  entries  are  ignored.  Equality  of  two  entries  does  not 
imply  equality  of  the  corresponding  undisplayed  trigonometric  factors. 
The  detailed  derivation  of  the  matrix  structures  is  given  in  [6].  The 
derivation  makes  use  of  the  relation  x  .siniji  -y  ,cosi(< ,  -  rJ  3in(ii;J  -9  . ) . 


Ic  follow#  that 


C  A-1  B 


,  M  ? 

.2  r  2 

k  2, 

1 


r  2! 

hi 


,  m  , ; 
k  Irii 
1  i ; 


where  each  term  la  each  sum  has  an  uadisplayed  trigonometric  factor.  There- 

-1  -3  2 

fore  we  conclude  that  each  element  of  (D-CA  B)  is  of  the  form  U/k  ,  where 


sum  of  products  of  order  (N-l)  in  £  r 

i  1 


sum  of  products  of  order  (N)  in  £  r^ 
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O  K-\  O  J-‘  i-‘ 


*.‘  pJ  «*«.'  O  i-"' 


-67- 


5.  SYNTHETIC  APERTURE  NEAR-FIELD  SELF-SURVEY* 

C.  Nelson  Dorny 

In  previous  articles  we  have  described  a  general  self-survey  technique  v 

for  self-cohering  of  nonrigid  antenna  sysLems  [1].  In  this  article  we  ex- 

tend  that  work  to  synthetic  aperture  systems  and  to  near-field  targets.  We  H 

also  demonstrate  the  capability  of  the  technique  with  real  synthetic  aperture 

radar  data.  ?'• 


Tianhu  Lei 


Near-Field  Bistatic  Receive-Only  Array 

Figure  5.1  defines  the  georat'ry  of  a  random  array  and  near-field  point 
reflectors.  The  coordinates  of  the  array  elements  and  the  point  reflectors 
are  known  approximately,  but  not  to  the  accuracy  (\/10)  necessary  to  permit 
direct  computation  of  the  phase  shifts  required  for  beamforming  and  imaging 
The  purpose  of  the  self-survey  is  to  generate  sufficiently  accurate  array 
element  coordinates  to  permit  beamforraing  and  imaging. 


FIGURE  5.1  RANDOM  ARRAY  WITH  NEAR-FIELD  REFLECTORS 

Assume  a  pulsed  RF  signal  is  transmitted  from  the  reference  element  at 
the  origin,  and  reflections  from  the  targets  are  received  at  each  element,  in¬ 
cluding  the  reference  element.  Assume  also  that  the  reflected  signals  can  be 
separated  in  range.  The  phases  of  the  signals  received  at  each  of  the  ele¬ 
ments  are  measured  relative  to  the  signal  received  at  the  reference  element. 
The  theoretical  phase  delay  for  the  signal  reflected  from  point  j  and  re¬ 
ceived  at  element  i  is 

Pij  “  “  ',(RjCos^j-xi)<:  +  (Rj sin-ji j -y ^)z  )  +  ^  (1) 

*This  work  is  principally  supported  by  the  Air  Force  Office  of  Scientific 
Research  under  Contract  No.  AFOSF.-82-0012 . 
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vhere  k  -  2ir/X  and  is  the  phase  shift  associated  with  carrying  the  refer¬ 
ence  signal  from  the  reference  element  to  the  ic^  element,  either  by  cable  or 
broadcast  [1].  The  corresponding  measured  value  of  the  phase  delay  in  (1)  is 
denoted  The  phase  shifts  associated  with  transmission  and  with  reflec¬ 

tion  from  the  targets  are  removed  by  the  phase  comparison  process.  The  phase 
shift  associated  with  the  receiver  is  included  in 

The  self-survey  technique  consists  in  choosing  values  of  the  variables 
(*i.yi),  i  ■  1 . N,  and  j  ■  1,  — ,  M  in  such  a  way  as  to  mini¬ 

mize 


Q 


N  M 


l  l 

i-l  J-l 


ij 


)2 


(2) 


The  minimization  is  carried  out  by  applying  Newton's  method  to  the  set  of  non¬ 
linear  equations  obtained  by  equating  to  zero  the  partial  derivatives  of  Q 
with  respect  to  xt>  ylt  <*> L ,  r ^ ,  <J»  . 

The  minimization  in  (2)  is  essentially  a  multilateratlon  process.  Thus 
Che  distances  from  elements  to  point  targets  must  be  known  accurately  a  priori 
(to  approximately  X/2)  to  determine  the  actual  phase  delays  rather  than 

the  mod  2ir  values  which  are  obtained  from  the  phase  measurement  process.  The 
equations  derived  from  (2)  have  a  unique  solution  if  appropriate  baseline  var¬ 
iables  are  measured  a  priori. 

If  Rj  ■*  •,  (1)  reduces  to  the  far-field  phase  difference 

Pij  *  ktxjcos^  +  yjSintfj]  +  ^  (3) 


Lee  [1]  analyzed  the  self -survey  process  in  detail  for  far-field  point  targets 
(or  beacons).  He  demonstrated  satisfactory  convergence  properties  of  the  New¬ 
ton  iteration,  and  derived  the  effect  of  phase  measurement  errors  on  the  com¬ 
puted  coordinates.  He  concluded  that  the  technique  will  determine  the  element 
coordinates  sufficiently  accurately  to  form  high  quality  beams  within  the  ang¬ 
ular  spread  of  Che  point  targets  used  for  the  self -survey  phase  data. 

It  can  be  shown  that  different  coordinate  systems  must  be  used  for  the 
elements  and  the  reflectors  or  else  the  equations  will  be  degenerate.  We 
choose  to  use  rectangular  coordinates  for  element  positions  and  polar  coordi¬ 
nates  for  reflector  positions. 

The  phase  P  of  (1)  and  the  associated  self-survey  process  apply  not  only 
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co  real  receive-only  arrays  with  fixed  transmitter  at  the  reference  element, 
but  also  to  equivalent  synthetic  aperture  systems.  That  is,  if  the  reference 
element  at  the  origin  transmits  repetitively  and  the  sequence  of  reflections 
is  received  both  at  the  reference  element  and  at  a  single  moving  receiver, 
then  of  (1)  corresponds  to  the  phase  difference  which  exists  when  the 
receiver  is  at  the  position  (x^.y^).  Thus  the  self-survey  process  can  be 
used  to  survey  the  sequence  of  positions  of  the  moving  receiver. 


Near-Field  Monoscatic  Transmit/Receive  Array 

Suppose  a  single  transmit/receive  element  transmits  a  sequence  of  RF 
pulses  and  receives  the  reflections  from  the  point  targets  as  it  traverses  a 
path  beginning  at  the  origin.  In  Figure  4.1,  element  i  would  represent  the 
position  of  the  element  during  transmission  and  recepdon  of  the  iCh  pulse. 
The  round  trip  phase  delay  for  the  position  is 


Ptj  ■  2k  -'Rjcos^-x^  +  (R^sini^-y^  + 


(4) 


where  includes  the  phase  delays  in  the  transmitter  and  receiver  (which  are 
Independent  of  i  and  j)  and  the  phase  delay  owing  to  the  reflection  process  at 
the  target  (which  we  assume  varies  from  target  to  target,  but  does  not  vary 
significantly  with  array  element  position).  The  measured  phase  delay,  adjust¬ 
ed  to  reflect  actual  delay  rather  than  the  mod  2n  phase  measurement  alone,  is 

*  IE 

denoted  .  A  self-survey  could  be  performed  for  this  synthetic-aperture  sys¬ 
tem  by  carrying  out  the  minimization  of  (2)  with  phase  relations  (4)  instead 
of  phase  relations  (1). 

An  alternative  approach  to  self-survey  with  the  monoscatic  synthetic-aper¬ 
ture  system  is  to  subtract  the  round  trip  phase  delay  from  the  correspond¬ 
ing  phase  delay  at  a  reference  element  position  P  for  each  of  the  transmit¬ 
ted  signals  in  (4),  thereby  producing 


-  P  -  -  2k[Rj  -  /(RjCOSi^-x^2  +  (RjSin^-yt)2  ]  (5) 

The  self-survey  process  consists  in  measuring  ,  then  minimizing 

(2).  The  structure  of  (5)  is  essentially  the  same  as  the  structure  of  (1); 
it  differs  only  in  the  factor  2  and  in  the  missing  cable  delay  $  .  Thus 
essentially  the  same  computer  algorithm  can  be  used  for  self-rsurvey  of  the  bi¬ 
static  array  and  the  monostatic  array.  Note  that  the  synthetic-aperture 
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equations  (5)  would  also  apply  to  a  real  transmit-receive  array  if  transmissions 
occurred  sequentially,  element  by  element. 


In  the  aubtracted-reference  version  (5),  it  is  a  differential  distance 
from  element  position  to  point-target  position  that  determines  the  phase  delay 
whereas  in  the  non-subtracted  version  (4)  it  is  the  absolute  distance  that 
determines  the  phase  delay  P^.  Consequently,  the  subtracted  reference  ver¬ 
sion  is  less  sensitive  to  the  absolute  position  of  the  point  targets.  That  is, 
if  the  a  '•riori  measurements  of  the  point-target  positions  and  element  posi¬ 
tions  are  not  sufficiently  accurate,  the  conversions  of  the  mod  2tt  measurements 
of  round-trip  phases  to  true  delays  are  ambiguous.  However,  the  portions  of 
the  ambiguities  which  are  owing  to  the  target  position  measurement  errors  are 
approximately  the  same  for  all  element  positions.  Therefore,  the  conversion 
of  the  subtracted-ref erence  mod2r  measurement  of  round  trip  phase  to  a  true  de¬ 
lay  is  much  less  likely  to  be  ambiguous. 


Simulation  of  Subtracted-Ref erence  Synthetic- Aperture  Self-Survey 

The  subtracted-ref erence  self -survey  algorithm  was  tested  for  a  number  of 
different  pl*nar  geometries,  each  consisting  of  seven  elements  and  four  point 
targets.  In  each  geometry  the  array  elements  were  somewhat  linear  in  place¬ 
ment  and  the  targets  were  grouped  within  a  10°  field  of  view  somewhat  toward 
broadside.  The  error-free  subtracted-ref erence  phase  delay  measurements  were 
simulated.  One  of  the  seven  elements  was  selected  as  the  origin  and  another 
was  chosen  as  a  baseline  element  with  measured  coordinates.  Thus  there  were 
eighteen  equations  to  be  solved  by  the  Newton  iteration.  For  each  geometry 
the  algorithm  was  tested  using  a  variety  of  initial  guess  values  for  the  ele¬ 
ment  positions  and  point-target  positions.  The  guess  positions  deviated  from 
the  true  positions  by  as  much  as  twenty-five  wavelengths.  (However,  since  the 
phase  delays  were  error  e,  no  delay  ambiguity  was  introduced  by  use  of 
these  large  initial  position  errors.) 

For  those  sets  of  initial  guesses  which  lead  to  convergence,  Q  converged 
to  within  10  ^  within  seven  to  eight  iterations.  The  regions  of  convergence 
for  the  array  elements  and  the  point  targets  had  the  shapes  and  sizes _shown 
in  Figure  5.2.  Note  that  from  a  convergence  standpoint  the  most  stringent  re¬ 
quirement  on  a  priori  knowledge  of  element  position  is  in  the  direction  Coward 
the  target  region;  the  tightest  requirement  on  a  priori  knowledge  of  target 
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FIGURE  5.2  REGIONS  OF  CONVERGENCE  FOR  ELEMENTS  AND  POINT  TARGETS 


position  is  in  the  cvoss-range  direction.  It  appears  that  the  a  priori  posi¬ 
tion  knowledge  can  be  in  error  by  at  least  one  wavelength  for  each  of  the  ele¬ 
ments  and  positions  without  affecting  convergence. 

The  algorithm  was  also  tested  for  various  geometries  using  simulated 
phase  measurements  with  randcxn  phase  errors.  In  each  case  the  geometrically 
correct  positions  were  used  as  initial  guess  values.  In  all  cases  the  algo¬ 
rithm  converged  within  two  to  three  iterations.  The  tests  were  carried  out 
for  phase  error  sets  with  rms  values  less  than  or  equal  to  0.5  rad.  The  rras  of 
the  resulting  errors  in  the  element  positions  was  less  than  0.2  wavelengths 
for  uniformly  distributed  phase  errors  and  less  than  0.8  wavelengths  for  nor¬ 
mally  distributed  phase  errors.  Some  of  the  tests  used  the  geometry  of  the 
Valley  Forge  Research  Center  test  site  (shown  in  Figure  5.5).  For  this  geom¬ 
etry  the  element-position  and  point-target  position  errors  which  were  intro¬ 
duced  by  the  simulated  phase  measurement  errors  exhibited  the  patterns  shown 
in  Figure  5.3.  These  error  patterns  afe  consistent  with  theoretical  sensitiv¬ 
ity  analysis.  For  the  VFRC  geometry  and  the  theoretical  difference  phase  (5) 
it  can  be  shown  that 
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FIGURE  5.3  DISTRIBUTION  OF  SELF-SURVEY  POSITION  ERRORS  (OWING  TO  PHASE 
MEASUREMENT  ERROR). 


Array  Radiation  Patterns 

After  the  positions  of  the  elements  are  determined  by  self-survey,  the 
computed  element  positions  can  be  used  to  compute  the  phase  delays  necessary 
to  cohere  the  array  at  any  (near-field)  point  within  the  angular  spread  of  the 
target  points  used  for  the  self -survey.  Of  course,  for  near-field  focusing 
the  concept  of  a  beam  is  not  well  defined.  Rather  we  must  speak  of  a  focal 
region.  We  present  the  equations  for  the  focal  patterns  for  both  the  bistatic 
and  the  monostatic  (synthetic-aperture)  arrays. 

Assume  free  space  propagation,  no  medium  or  system  losses.  Isotropic  re¬ 
flectors  and  omnidirectional  antenna  elements,  with  the  geometry  shown  in 
Figure  5.4.  Suppose  we  wish  to  focus  a  bistatic  receive-only  array.  The  sig¬ 
nals  received  at  the  elements  must  be  individually  delayed  and  added  together. 

The  phase  delay  (relative  to  the  reference  element  at  the  origin  )  to  apply 

*  ★  * 

to  the  signal  received  at  element  i  for  focus  at  (R  ,  \p  )  is  By  a  method 

similar  to  that  used  to  derive  the  radar  equation  [2],  it  can  be  shown  that 
the  bistatic  near-field  radiation  pattern  for  focus  at  the  point  (R  ,ii/*)  is 
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*  *  * 
where  Li  and  LA  can  be  expressed  in  terms  of  R  ,  (/  ,  R,  i),  x^,  and  . 

On  the  other  hand,  suppose  we  wish  to  focus  a  monostatic  synthetic-apert- 

A  * 

ure  array.  In  order  to  focus  the  array  at  the  point  (R  ,  )  we  phase  delay  the 

t  h  ^ 

signal  received  at  the  i  position  of  the  element  by  the  amount  -2kdi>  relative 

to  the  reference  element  position,  before  adding  of  signals  across  the  aperture. 

The  corresponding  monostatic  near-field  radiation  pattern  for  focusing  of  the 

synthetic-aperture  array  is 


exp(  j2k(Li-Li)  ]\ 


N 

l 

i»o 


(8) 


Note  that  the  monostatic  synthetic-aperture  radiation  pattern  (8)  differs  from 
the  bistatic  receive-only  radiation  pattern  (7)  primarily  in  the  factor  2  in 

A 

the  exponents  of  and  L^.  As  a  consequence,  the  distinctive  difference  be¬ 
tween  the  monostatic.  pattern  and  the  bistatic  pattern  is  an  approximate  halv¬ 
ing  of  the  beamvidth  in  the  synthetic  apertyre  case. 


FIGURE  5.4  GEOMETRY  FOR  NEAR-FIELD  FOCUSING 


Experimental  Self-Survey  and  Beamforming 

Figure  5.5  shows  the  geometry  of  a  monostatic  synthetic-aperture  experi¬ 
ment  which  was  carried  out  at  the  VFRC  test  site.  X-band  (3cm)  data  were  taken  with 
a  single  moving  transmitter/receiver  at  100  random  positions  along  an  approxi¬ 
mately  linear  path  [3].  Reflections  from  a  region  containing,  corner  reflectors 
were  received  at  each  element  position.  The  amplitude  and  phase  of  the  return 
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were  measured  at  the  centers  of  sixteen  range  bins,  each  9  m  in  length.  The 
field  of  view  of  the  transraitter/receiver  was  8°.  The  element  positions  were 
measured  to  within  approximately  1  cm.  The  corner  reflector  positions  were 
measured  to  within  approximately  4  cm. 

Seven  element  positions  and  four  reflectors  were  selected  for  use  in  the 
self-survey.  The  measured  positions  were  used  to  compute  element-to-ref lector 
distances  in  order  to  convert  the  mod  2m  phase  measurements  to  true  phase  de¬ 
lays.  One  element  position  was  selected  as  the  reference  position,  For  each 
range  bin  of  each  of  the  six  non-reference  element  positions  the  measured  phas- 
or  was  rotated  by  subtracting  the  phase  at  the  corresponding  range  of  the  ref¬ 
erence  element  signal.  This  subtraction  process  produced  measurements  of  the 
subtracted- reference  phase  delay  (5).  The  reference  subtraction  process 
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FIGURE  5.5  GEOMETRY  OF  X-BAND  SYNTHETIC  APERTURE  EXPERIMENT 


should  have  removed  any  delay  ambiguity  that  might  have  existed  in  the  direct 
element-to-ref lector  phase  delays  owing  to  the  large  inaccuracy  in  the  reflec¬ 
tor  position  measurements,  because  the  reflector  position  error  would  cause 
essentially  the  same  ambiguity  error  in  the  computed  values  of  all  the  -eflec- 
tor-to-element  phase  delays. 

The  aubtracted-ref erence  phase-delay  data  for  the  six  elements  and  four 
reflectors  ware  used  in  the  self-survey  algorithm  to  obtain  computed  values  of 
element  positions  and  reflector  positions,  using  the  measured  positions  as 
initial  values  for  the  Newton  Iteration.  One  of  the  element  positions  was  se¬ 
lected  as  the  baseline  element,  and  consequently  its  coordinates  were  not  com¬ 
puted  in  the  self -survey  process.  The  computed  positions  satisfied  Q  <  1.45  rau 
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whcre  Q  is  defined  in  (2).  Thus  the  rtns  of  the  computed  values  cf  the  phase  errors 
^ij'^ij)  19  on*y  The  71,18  the  difference  between  measured  element  positions 

and  computed  element  positions  was  less  than  0.6  wavelengths.  Thus  the  computed  so¬ 
lution  fits  l  e  measured  phase  aata  very  well,  and  agrees  with  the  measured  position 
data  to  within  the  accuracy  of  the  position  measurements. 

The  6  element  positions  computed  via  the  self-survey  were  used  with  the  phase 
delays  described  in  connection  with  the  monostatic  synthetic-aperture  radiation  pat¬ 
tern  (8)  to  electronically  scan  the  focal  point  of  the  array  on  a  cross-range  path 
through  one  of  the  reflectors,  by  selecting  frexn  the  sixteen  range  bins  of  directly- 
measured  amplitude  and  phase  data  for  each  of  the  6  element  positions.  The  6  ele¬ 
ments  were  spread  over  a  22-meter  aperture.  Thus  the  far-field  region  was  ar  least 
10  km  from  the  array.  The  scanned  image  of  the  c-;  r  reflector  is  shown  in  Fig. 
5.6a.  The  cross-range  focal  width  (or  beanwldth)  <■;  .).7  railliradian  and  the  rms 
sidelobe  level  is  -7.3  dB.  Although  the  reflector,  at  2c0  m  range,  was  in  the  near 
field,  these  measured  beam  parameters  are  close  to  those  predicted  for  a  linear 
random  six-element  array  that  is  perfectly  focused  in  the  far  field,  namely  0.693 
rerad  and  -7.7  dB  [4’.  According  to  far-field  random  array  theory,  the  0.4  dB  dif¬ 
ference  in  gain  relative  to  sidelobe  level  is  consistent  with  random  phase  errors 
with  rms  value  17°,  This  level  of  phase  error  is  consistent  with  the  14°  rms  phase 
errors  found  during  the  self-survev  computation.  That  is,  according  to  the  toler¬ 
ance  theory  for  far-field  self-survey  equations  (1),  phase  errors  in  the  self¬ 
survey  phase  measurements  caus»  errors  in  rhe  computed  positions  which,  in  turn, 
lead  to  phase  errors  during  btumforming  that  are  of  the  same  level  (14°)  as  phase 
errors  1.  .e  self-v-rvey  phase  measurements.  The  target  signals  measured  during 
the  imagi  y  process  are  prat  roed  to  contain  independent  phase  errors  of  the  same 
level  (14*)  as  the  self-survey  signals.  Therefore,  the  rms  value  of  the  sum  of 
the  two  sets  of  phase  errors  would  be  expected  to  be  approximately  ,/2(14°)»  20°. 

The  imaging  process  was  repeated  using  the  measured  element  positions  rather 
than  the  element  positions  obtained  by  self-survey.  The  results  are  shown  in 
Figure  5.6b.  Note  the  significant  reduction  in  gain  (or  the  equivalent  increase 
in  sidelobe  level).  The  pain  is  down,  relarive  to  a  perfectly  focused  array,  by 
1.8  dB.  According  tc  far-field  random  arrav  theory,  a  gain  reduction  of  this  size 
ts  const Jtent  wltn  ran'1  phase  errors  with  rms  value  37 V  The  Improved  focus 

apparent. 
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FIGURE  5-6  IMAGES  OF  CORNER  REFLECTOR  AT  RANGE  240  m 

(a)  Element  positions  from  self-survey 

(b)  Measured  element  positions 


Figure  5.7  shows  the  -1  dB  level  curve  of  the  image  of  the  corner  reflec¬ 
tor  obtained  by  performing  several  scans  at  different  fofcal  ranges  using  the 
element  positions  from  the  self-survey.  Table  5.1  shows  the  position  of  the 
peak  intensity  in  the  image  of  Figure  5.7;  it  also  shows  the  position  of  the 
comer  reflector  as  measured  and  as  computed  by  the  self -survey  process.  Accor¬ 
ding  to  the  tolerance  theory  for  the  far-field  region  [1],  errors  in  measure¬ 
ment  of  the  baseline  element  position  and  errors  in  the  self -survey  phase 
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FIGURE  5.7  LEVEL  CURVE  OF  CORNER  REFLECTOR  IMAGE  "J 

n 

measurements  each  corrupt  the  computed  element  positions  in  such  a  way  as  to 
cause  errors  in  the  computed  reflector  direction  and  also  errors  in  the  beam- 
pointing  angle  during  imaging. 

The  variations  in  beam  pointing  angle  shown  in  Table  5.1  are  in  the  order 

I'M  II 

of  0.3  mrad.  According  to  the  far-field  tolerance  theory,  this  error  is  too  % 

large  to  he  caused  by  the  14*  phase  errors  arising  from  the  self-survey  process.  \ 
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The  theory  also  shows  that  a  0.3  mrad  pointing  error  is  consistent  with  a  0.5 
cm  error  in  position  of  the  baseline  elemenc.  These  numbers  were  verified  by 
computer  simulation  for  the  near-field  geometry  of  the  experiment.  Thus,  the 
accuracy  of  the  target  reflector  location  is  consistent  with  the  accuracy  in 
measurement  of  the  element  positions. 


* 

R 

(Meters) 

Measured  235.43 

From  Self-Survey  236.49 

From  Image  136.49 


•l> 

(Radians) 

1.1214 

1.1208 

1.1211 


TABLE  5.1  CORNER  REFLECTOR  POSITION 


It  is  apparent  that  the  self-survey  process  is  effective  with  real  radar 
data.  The  array  which  consisted  of  these  six  elements  wa3  also  used  to  -image 
the  region  containing  the  fifth  corner  reflector  at  range  150  m  (Figure  5.5). 
This  reflector  was  not  used  in  the  self-survey  process;  it  was  smaller  than  the 
ocher  four.  The  intensity  of  the  received  returns  was  <  ^  of  those  from  the 
larger  corner  reflectors.  Consequently,  at  the  array  the  reflections  were  not 
distinguishable  from  the  clutter. 

The  resulting  image  is  shown  in  Figure  5.8.  Table  5.2  shows  the  accuracy 
of  location  of  the  reflector. 


FICURE  5.8  IMAGE  OF  WEAK  CORNER  REFLECTOR  AT  RANGE  150  m 
(UNNORMALIZED) . 
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R  i ji 

(Meters)  (Radians) 

Measured  149.47  1.1202 

From  Image  149.42  1.1963 

TABLE  5.2  THE  FIFTH  CORNER  REFLECTOR  POSITION 

The  self-survey  process  is  being  repeated  for  a  number  of  other  sets  of 
6  element:!.  The  sets  of  computed  positions  will  be  used  simultaneously  to  form 
a  focused  beam  with  lower  sidelobe  level. 

C.  Nelson  Domy 
Tianhu  Lei 
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8.  LOSSY  TRANSMISSION  LINE  MODEL  OF  A  MICROSTRIP  SLOT  ANTENNA* 

Moshe  RlsLiuk 

Microstrip-fed  aloe  antennas  can  ba  uaad  aa  rad lacing  elements  of  large  air- 
bom«,  or  spacaborna,  conformal  adapdva  arrays  at  fraquanclaa  ranging  from  UHF 
(O.S  GHz)  to  EHF  (ISO  GHz).  Cootparad  co  mlcroatrlp  "pacch"  ancannaa  chay  re- 
qulra  laaa  space,  and  prallmlnary  lnvaaclgaclona  [1,2]  show  chat  they  might  op¬ 
erate  ac  wider  frequency  bands. 

The  radiation  pattern  of  a  mlcroatrlp  slot  ancanna  had  been  measured  and 
reported  In  [1],  and  It  doea  not  differ  from  the  pattern  of  conventional  slot 
antennas. 

The  Input  Impedance  of  alcrostrlp  slot  antennas  has  been  studied  in  [1] 
and  [2],  but  the  obtained  results  do  not  take  into  account  the  thickness  of  the 
copper  cladding  and  the  width  of  the  folded  mlcroatrlp  lines  around  the  slot 
("a"  in  Figure  8.  1) . 

An  approximate  method  for  the  evaluation  of  the  Input  Impedance  of  a  micro¬ 
strip  slot  antenna  la  presented.  The  method  Is  based  on  the  lossy  transmission 
line  modal  of  slot  radiators. 

The  upper  view  of  a  slot  antenna  fed  by  a  50  ft  microstrip  line  is  shown  in 
Figure  8.1. 


FIGDRE  8,  1.  MICROSTRIP-FED  SLOT  ANTENNA 
The  radiating  slot  and  the  metallic  strips  on  both  sides  of  the  slot  fora  a 
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transmission  line  of  coplanar  strips  (CPS)  [3].  The  propagation  constant  of 
lossless  coplanar  strips  Is  [4] 

<» 

where  \  Is  the  frue  space  wavelength,  and 

e#S(er+l)/2  (2) 

la  the  equivalent  dielectric  constant.  The  characteristic  impedance  of  loss¬ 
less  coplanar  scrips  is  [4] 

Zo  -  <12Chr//e^J(m),  (3) 


where 


1  2 
J(m)  -  tr/ln  (2  1 ,  — 

1  -  '1  -  m2 


m  «  b/(b  +  2a).  (5) 

The.  complex  propagation  constant  and  characteristic  impedance  of  lossy 


CPS  are 


where 


Zo  -  Zo(l  -  js) 


Y  -  J0Q(1  -  JS) 


•  ■  2  f- /I  +  (a/0Q)2  , 


end  a  Is  the  attenuation  constant  that  accounts  for  the  radiation  losses  of  the 
slot,  as  well  as  for  the  intrinsic  losses  of  the  CPS. 

«  "  ar.d  +  «i  •  <9> 

a,  5  9.2  •  iO"4  —  [4,  p.288) 

x  m 

The  simplest  way  to  calculate  at  near  resonsut  frequencies  is  to  as- 

sur>e  that  the  slot  is  fed  by  a  voltage  source  Vo(e.g.,  coaxial  cable),  as  shown 
In  Figure  2. 

The  voltage  distribution  on  the  slot  is 

V(z)  -  Vosinh[y(d/2  -  |z | ) ] /sinh(yd/2) ,  (10) 

but  it  is  possible  to  assume  chat  the  voltage  along  the  sloe  has  a  conventional 
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sinusoidal  distribution 

V(*)  -  Vo8in[60(d/2  -  |z|)]/9in(60d/2). 
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FIGURE  8.2  CENTER-FED  SLOT  ANTENNA 
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The  power  radiated  Into  free  space  by  a  center-fed  resonant  slot  with  a  sinus¬ 
oidal  voltage  distribution  is  [2] 

Pr  "  lvol2<0  +  k>  {Cin((8  +  k)d]  -  Cin((S  -  k)d)}/8n6n  (12) 

where  k  and  rj  are  the  free  space  propagation  constant  and  intrinsic  impedance, 
respectively,  and  the  function 
■  x 

Cin(x)  ■  /  (1  -  cosu)du/u  (13) 


is  tabulated  in  mathematical  handbooks.  The  average  power  delivered  to  the 
lossy  transmission  line  by  the  voltage  source  in  Figure  8  .2  is 


P 


in 


l V  |2  Re  (- - i - •]* 

"  Z  tanh(yd/2) 

o 


or 


(14) 


-  |v  I*  05) 

0 

Combining  (15)  and  (12),  we  obtain 

,  2(1  +  k/8)  _ 

«r4d  -  j  tanh  {-~-8wn -  (Cin((/T’  +  1)«)  -  Cin((/e^  -  1)«)]>  (16) 

or 

a  -  \  tanh"1  (Z  4.3894  •  1<T4),  (17) 

rad  d  o 


The  slot  radiator  is  excited  by  the  folded  microscrip  lines  surrounding  the 
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sloe.  Figure  8.3  shows  one  of  these  folded  nicroscrip  lines  which  excites  the 
upper  half  of  the  slot. 


+  vt!ot  - 


FIGURE  8.3  FOLDED  MICROSTRIP  LINE  AROUND  HALF  OF  A  SLOT  RADIATOR 


Conventional  transmission  line  analysis  shows  that  the  voltage  and  the 
current  of  the  folded  mlcrostrlp  line  in  Figure  8.3  are  given  by 


V(x)  -  VL{cos[SF(d/2  -  x)J  ♦  j  sin[6p(d/2  -  x) ] } 

Is 


ysin[8  (d/2  -  x)) 


♦  Ay,(n5^7tT  -  +  — ta^d/2)  > 


(18a) 


h  2ZL 

I(x)  -  -j-  {cos[8F(d/2  -  x)]  + i  ~  sin(BF(d/2  -  x)  ] } 


+  iA  _£  f  JL  f-£°ahix*? 


cos[8F(d/2  -  x)) 


ZF  8f  lsinh(yd/2)  tanh(yd/2) 


]  -  sin[6F(d/2  -  x)]}  (18b) 


where  2p  and  Sp  are  the  characteristic  impedance  and  propagation  constant  of 
the  lossless  folded  mlcrostrlp,  y  is  the  complex  propagation  constant  of  the 
slot  (see  equation  6), 
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Z  Bn  9  /a  -  1  +  js  ’ 

o  o  0  o 

tod  VQ  is  chs  volcags  across  chs  slot  ac  its  cencar. 

Z  ,  6  ,  a,  and  s  ara  cha  parameters  of  the  coplaoar  scrips  (CPS).  The 
o  ° 

quasi-static  approximation  for  Vq  yields 

V  -  V,  -  Vt .  (20) 

o  Input  L 

The  voltage  and  the  current  of  the  folded  microstrip  lines  ac  the  input  refer¬ 
ence  plane  (Figure  8.3)  are 


'input  ‘  Vco“aFd)  "  3  2^""  aln<Spd)  ♦  T!/(l  *  t) , 

Is 


(21a) 


Ysin(B-.d) 

T  -  A[2cos2  (0pd/2)  -  g^Canh(Y<j/2) 


Clb) 


3 Input  *  *  32  T(  ■1”(9Fd> 

% 

2Z.  V,  „  2Ysin2(8Td/2) 

+  jX  _ —  (  lnPuC  j\  r _ £ . - 

2  Zy  ^  VL  Ln  Sptanh (Yd/2) 


sin(8Fd) ] } 


The  input  impedance  of  the  radiating  slot  is 


input 


'input 


input 

and  is  readily  obtained  from  equations  (21)  -  (23)  for  different  values  of  the 
"load  impedance"  (Figure  8.3),  vhlch  is  the  input  impedance  of  the  stub  term¬ 
inating  the  slot  antenna.  Due  to  the  coupling  betveen  the  arms  of  the  folded 
microstrip  line,  design  equations  for  its  characteristic  impedance  (Bp)  and 
propagation  constant  (Zp)  will  be  different  from  the  ones  used  for  straight 
microstrip  lines  [3,4],  and  further  research  on  the  influence  of  the  coupling 
Is  needed  to  find  these  parameters. 

Input  Impedance  and  pattern  tests  were  performed  at  VTRC  on  a  microstrip 
slot  antenna  of  the  form  shown  in  Figure  8.4.  The  antenna  model  was  mounted 
on  0.062-inch,  S870  "Duroid",  and  was  tested  over  the  2  to  4  GHz  frequency 
range;  Table  8.1  lists  the  Z  and  X  inputs  over  this  range. 
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TABLE  8.1 
INPUT  IMPEDANCE  OF 


MICROSTRIP  SLOT 

ANTENNA 

GHz 

Z  input 

X  incut 

2.0 

0.57 

-0.03 

2.1 

0.58 

+0.03 

2.2 

0.60 

+0.06 

2.3 

0.63 

+0.10 

2.4 

0.66 

+0.15 

2.5 

0.72 

+0.16 

2.6 

0.75 

+0.16 

2.7 

0.80 

+0.18 

2.8 

0.85 

+0.17 

2.9 

0.90 

+0.16 

3.0 

0.91 

+0.14 

3.1 

1.00 

+0 .12 

3.2 

1.04 

+0.10 

3.3 

1.07 

+0.09 

3.4 

1.08 

+0.10 

3.5 

1.1 

+0.12 

3.6 

1.11 

+0.15 

3.7 

1.14 

+0.20 

3.8 

1.18 

+0.25 

3.9 

1.26 

+0.32 

4.0 

1.43 

+0.40 

FIGURE  8.4  MICROSTRIP  SLOT  ANTENNA 


Fran  these  uuurtMnci  and  continuing  investigations,  this  antenna  appears 
to  be  a  broadband  element.  We  measured  a  voltage  standing  wave  ratio  of  less 
than  1.5  over  the  range  from  2.4  to  4  GHz  when  the  microstrip  slot  antenna  was 
positioned  In  a  matched  50-ohm  line. 

Moshe  Risliuk 
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Appendix  F:  Interference  Cancellation 
in  Self-Cohering  Arrays 

Eliminating  Reference  Loop 
Phase  Shift  in 
Adaptive  Arrays 
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I.  INTRODUCTION 

The  desire  to  extract  more  information  from  ex¬ 
isting  space-time  Helds  has  ted  to  the  consideration  of 
optimum  array  processors.  Adaptive  arrays  are  then 
the  obvious  realization  of  the  optimum  array  pro¬ 
cessors  for  nonstationary  backgrounds. 

Such  adaptive  array  processors  are  particularly 
useful  in  communication  systems  for  automatic  beam 
steering  and  interference  cancellation.  For  such  ap¬ 
plications  the  least  mean  square  (LMS)  algorithm  of 
Widrow  et  al.  (1]  is  widely  used.  However,  the  realiza¬ 
tion  of  this  algorithm  requires  a  “reference  signal** 

(21.  If  this  signal  is  a  perfect  replica  of  the  desired 
signal  to  be  received,  then  at  the  array  output  all  the 
components  which  are  uncorrelated  with  the  desired 
signal  (interference)  will  be  suppressed.  Such  an  ideal 
reference  signal  is  not  generally  available,  however.  If 
it  were  available,  there  would  be  no  need  for  a 
receiver  and  receiving  array.  To  overcome  this  dif¬ 
ficulty  different  approaches  were  used.  Griffiths  [3], 
for  example,  modified  the  Widrow-Hoff  LMS 
algorithm  so  that  a  direct  estimate  of  the  cross 
covariance  vector  of  the  input  and  the  desired  signal 
might  be  used  instead.  In  certain  cases,  as  in  the  prob¬ 
lem  of  extracting  signals  of  known  statistics  from 
additive  independent  background  noise,  it  may  be 
shown  that  this  cross  covariance  vector  is  a  function 
of  only  the  known  signal  statistics.  Thus  it  can  be  ac¬ 
curately  estimated  even  though  it  is  not  directly 
measurable.  In  the  general  case,  the  signal  spatial  or 
temporal  structure  may  be  assumed;  however,  the 
unknown  signal  level  creates  the  same  problem  as  with 
the  Widrow-Hoff  algorithm. 

In  communication  systems  the  reference  signal  can 
be  obtained  naturally  from  the  array  output.  For  this 
to  be  possible,  the  desired  signal  mui  differ  in  some 
way  from  the  interference,  so  that  suitable  processing 
of  the  array  output  can  leave  the  desired  signal  un¬ 
changed  while  altering  or  suppressing  the  interference. 
St’-n  a  condition  occurs,  for  example,  when  the 
desired  signal  is  narrowband  and  the  interference  is 
broadband.  Also,  if  the  signal  has  a  spread  spectrum, 
then  multiplying  the  array  output  by  the  right  code 
will  spread  the  interference  bandwidth,  collapse  the 
desired  signal  spectrum,  and  provide  again  the  condi¬ 
tion  of  narrowband  signal  and  broadband  interference 
(4|. 

For  extracting  the  reference  signal  from  the  array, 
a  reference  channel  containing  RF  components  such 
as  a  bandpass  filter,  mixers,  etc.,  is  needed.  These 
components  will  introduce  a  phase  shift  of  the 
reference  signal  with  respect  to  the  desired  signal  at 
the  output  of  the  array.  This  phase  shift  will  depend 
on  the  instantaneous  frequency  of  the  signal  as  well  as 
on  the  characteristics  of  the  RF  components.  A  priori 
unknown  frequency  changes  of  the  signal  (because  of 
Doppler  shift,  transmitter  frequency  error,  or  receiver 
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Fig.  2.  Main  fttdback  loop  for  LMS  algorithm  realization. 


on  the  system  parameters  and  the  amount  of  complex¬ 
ity  allowed,  one  scheme  or  the  other  might  be  used.  It 
is  also  shown  that  the  output  signal-to-noise  ratio  is 
not  affected  by  these  compensating  schemes.  Finally, 
using  computer  simulation,  the  rate  of  convergence  of 
the  two  schemes  is  compared. 

II.  REFERENCE  SIGNAL  EXTRACTION  SCHEME 


local  oscillator  frequency  errors)  will  make  pre- 
adjustments  of  these  phase  shifts  impossible. 

DiCarlo  and  Compton  (5)  studied  the  effect  of  a 
constant  phase  shift  in  the  reference  signal  loop  for  a 
one-  and  a  two-element  array,  and  DiCarlo  (6] 
generalized  this  result  to  the  case  of  the  TV-clement 
array.  They  show  that  such  a  phase  shift  causes  the 
array  weights  to  cycle.  Using  a  simple  model  based  on 
CW  signals  they  showed  that  the  array  weights  cycle 
with  frequency  and  amplitude  that  depend  on  the 
main  feedback  loop  gain  and  the  reference  loop  phase 
shift.  The  main  effect  of  this  cycling  is  that  the  fre¬ 
quency  of  the  desired  signal  at  the  array  output  is  not 
the  same  as  that  at  the  array  input.  Particularly, 
systems  using  frequency  modulation  will  be  most 
susceptible,  since  the  array  alters  the  frequency  devia¬ 
tion.  Finally,  these  studies  showed  that  the  frequency 
at  which  the  weights  cycle  increased  as  the  number  of 
array  elements  increased.  To  overcome  this  difficulty 
they  suggest  a  compromise  in  the  design  of  the 
reference  loop  filter  (this  filter  contributes  most  of  the 
phase  shift).  A  highly  selective  bandpass  filter  is 
desired  to  eliminate  as  much  interference  from  the 
reference  signal  as  possible.  However,  the  narrow 
filter  bandwidth  may  cause  a  larger  phase  offset. 

The  purpose  of  this  work  is  to  suggest  compensa¬ 
tion  schemes  that  might  be  used  to  prevent  weight 
cycling  and  frequency  distortion.  First  we  present  the 
mathematical  formulation  of  a  multielement  adaptive 
array  in  which  the  reference  signal  is  extracted  from 
the  array  output  as  was  done  in  [3,  6],  and  under  the 
same  assumptions.  Then  to  overcome  the  reference 
loop  phase  shift  problem,  this  loop  is  adaptively  phase 
compensated  to  eliminate  this  phase  shift.  Two  dif¬ 
ferent  adaptive  compensation  schemes  are  proposed. 
Both  schemes  annihilate  the  loop  phase  shift  ,'i  the 
steady  state.  They  differ,  however,  in  the  amoi  m  of 
hardware  complexity  needed  as  well  as  in  the  rate  at 
which  each  one  eliminates  the  phase  shift.  Depending 


The  general  configuration  of  the  narrowband 
adaptive  array  processor  is  shown  in  Fig.  1.  The  input 
of  each  array  element  is  split  into  in-phase  and 
quadrature  components,  resulting  in  2Af  inputs  to  the 
processor  (TV  is  the  number  of  elements  in  the  array). 
Each  of  these  inputs  xu(0  or  x^t)  is  weighted  by  a 
real  factor  MO  or  wIQl  respectively,  and  then  sum¬ 
med  to  produce  the  array  output  v(/).  The  difference 
between  the  array  output  and  the  reference  signal  d{t) 
is  the  error  signal  e(r).  The  error  signal  e(r)  adjusts, 
through  feedback  loops,  the  different  weights  MO, 
and  wIQ(r)  so  that  its  mean-square  error  e*(r)  is  mini¬ 
mized.  Using  the  analytic  signals’  representations,  we 
can  write  for  the  array  output 

v(/)  =  x'(t)  H-(f)  (1) 

where  w(0  is  the  complex  weight  vector  *\t)  «• 

{w,(0,  ....  MO},  wXO  *  MO  +>M(0*  and 

jc(0  is  the  analytic  signal  associated  with  the  input. 

The  transpose  is  indicated  by  t.  Also  we  have 

e(t)  «  d(t)-x'(t)»(t)  (2) 

where  e{t)  and  d(t)  are  the  analytic  signals  associated 
with  the  error  and  reference  signal,  respectively. 

In  this  representation  an  algorithm  must  be  used 
to  minimize  |e<0ll  where  the  overbar  stands  for  the 
expected  value.  This  can  be  done  by  using  the  steepest 
descent  algorithm.  That  is 

dw(t)/dt  =  -  |<?</)  I1  (3) 

where  Vw  is  the  gradient  with  respect  to  w  and  is 
understood  to  be  a  complex  vector  whose  components 
are  the  gradients  with  respect  to  the  real  and  imaginary 
parts  of  h>,  respectively,  and  k  is  the  main  feedback 
loop  gain.  Following  the  derivation  in  (1)  we  obtain 

dw(t)/dt  -  2iix*(t)e(t).  (4) 

This  is  the  complex  LMS  algorithm  whose  equivalent 
feedback  network  is  displayed  in  Fig.  2.  Substituting 


116 


lEEF.  TRANSACTIONS  ON  AEROSPACE  AND  ELECTRONIC  SYSTEMS  VOL.  AES- IS.  NO.  I  JANUARY  I98Z 


for  e(t)  from  (2)  we  get  the  differentia  equation  that 
governs  the  weight  vector  *il)' 


dw(t)/dt  +  2kR,w{t)  m  2k R*  (5) 

where  R,  *  E[x*(t)x%t)]  is  the  input  covariance 
matrix  and  /?.w  ■  £{jr*(/)tf(/)].  For  the  case  of  a  single 
CW  signal  arriving  at  angle  ip  to  broadside  we  have1 

x(t)  «  A/\flP  +  N(t)  (6) 

where  ”  {«i(0 . MO)  is  the  noise  process 

vector,  P'-  {1,  exp(— >,),  exp(  -jat) . 

exp( ->*.,)}, 

a,  =  (2nZ.,/A<)  sin  tp  (7) 

where  A.  is  the  free  space  wavelength  at  frequency  <a„ 
and  L,  is  the  distance  between  the  rth  and  the  first  ele¬ 
ment.  With  this 

/?.-«P  +  oif  (8) 

where  <P  •  A1/2P*P’,  and  A  is  the  signal  amplitude. 

In  (8)  we  also  used  £[/J,(r)rr/(01  •  cd  for  i  *  j  and 
zero  for  i  *  j,  Therefore  (5)  can  be  written  as 

dw(t)/dt  +  2*fd>  +  oil)  w(t)  =  2kR.M.  (9) 


Fig.  3.  Reference  sign'll  loop. 


Fig.  4.  Phtse-compensated  reference  signal  loop— first  scheme. 

111.  PHASE-COMPENSATED  REFERENCE 
SIGNAL  LOOPS 


When  the  array  output  v(/)  is  processed  to  produce 
a  reference  signal  [5]  as  in  Fig.  3,  then 

d(t)  *  o(f*,»v(0/|/>,Hr(/)|)exp(-74)  .  (10) 

where  a  is  a  constant  depending  on  the  limiter  level  and 
filter  attenuation  and  4  is  a  phase  shift  introduced  by 
the  reference  loop.  Notice  that  due  to  the  filtering  pro¬ 
cess,  d{t)  in  (10)  is  assumed  noise  free.1  Obviously,  noise 
in  the  reference  signal  loop  will  have  an  effect  on  the 
overall  system  performance.  This  effect  is  not  considered 
in  this  paper.  Analyzing  this  scheme,  DiCarlo  [5]  show¬ 
ed  that  the  complex  weight  vector  w(f)  converges  to  a 
Emit  cycle.  That  i3,  it  oscillates  with  a  radirn  frequency 
dependent  upon  the  reference  loop  phase  'Juft  offset  f 
the  loop  gain  k.  the  thermal  noise  power  oi,  and  the 
total  signal  power  M472.  As  a  result,  the  frequency  of 
the  desired  signal  at  the  output  is  snifted  by  an  amount 
that  depends  on  these  factors.  Although  the  actual  value 
of  4  may  be  small,  other  system  parameters  might  be 
such  that  the  effect  of  the  resulting  frequency  translation 
would  be  intolerable. 


'Notice  that  in  obtaining  (J\  in  assumption  commonly  m«d*  in 
she  analysis  of  adaptive  arrays  is  used.  That  is,  the  weight  and 
signal  processes  are  independent. 

'We  assumed  without  loss  of  generality  thai  xii)  contain?  no  in¬ 
terference.  In  feet,  the  interference  term  will  only  change  the  mittis 
♦.  Similarly.  It  is  assumed  that  the  reference  loop  filter  luffic.emly 
filters  out  the  interference. 


To  cope  with  the  problem  of  weight  cycling  due  to 
the  nonzero  phase  shift  of  the  bandpass  filter  used  io  ex¬ 
tract  the  reference  signal  in  Fig.  3,  we  propose  to  use 
phase  compensation  by  adding  a  complex  weight  wr. 

Since  the  bandpass  filter  phase  shift  may  not  be  known  a 
priori  or  may  even  be  of  nonstationary  character  due  to 
frequency  error  or  modulation,  w,  must  be  adaptively 
controlled  to  follow  the  variation  in  phase  shift.  A  similar 
LMS  algorithm  might  be  used  in  controlling  w„  Accord¬ 
ingly,  two  different  compensation  schemes  are  proposed. 

The  first  scheme  leads  to  a  set  of  equations  governing 
the  main  and  compensating  weights  which  are  linear  in 
the  amplitude  of  these  weights,  while  the  second  scheme 
leads  to  a  set  of  nonlinear  equations.  Both  schemes  drive 
the  weight  to  a  steady  state  stable  point,  independent  of 
the  filter  phase  shift.  Therefore  a  total  compensation  of 
this  phase  shift  results,' together  with  the  elimination  of 
frequency  shift  and  distortion  that  this  phase  shift  was 
causing.  The  realization  of  the  two  schemes  was 
motivated  by  the  requirement  of  controlling  the  compen¬ 
sating  weight  w.  so  that  phases  in  two  proper  points  in 
the  reference  loop  will  be  equalized.  This  is  done  by  the 
natural  way  of  using  a  correlation  loop  (multiplier  and  in¬ 
tegrator).  The  first  scheme  (Fig.  4),  which  might  look 
rather  mysterious,  was  a  direct  implementation  of  the 
mathematics  involved  in  the  requirement  of  making  the 
system  equation  [(30H33))  linear  in  the  amplitudes  of 
weights  q{!)  and  qXi).  The  second  scheme  (Fig.  6)  is  rathet 
self-explanatory. 
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A.  First  Compensation  Scheme 

The  reference  signal  loop  is  depicted  in  Fig.  4, 
from  which  one  can  easily  see  that  the  reference  loop 


weight  w,  is  governed  by 

dw,(t)/dt  =  -2kry*(l)e,(t)  (11) 

where,  as  in  (10), 

)  < t)  «  aiP'wit)/  [/MOD  cxp(  -y‘4)  ( 1 2) 

and 

eM  =  cy(t)wr(t)  -  x'(t)w(t).  (13) 

The  reference  signal  d(t)  becomes 

<Kt)  -X0M0  -  bj{t)w,(r)/\y{t)wf(t)\ 

•MOIMO  -  btw,(t)/a\wM\]  (14) 


where  we  used  |.y(f)|  ■  a.  Using  the  definition  of  Ru 
we  get,  after  substituting  for  y(t)  from  (12), 

R.4  =  £ljf(0/*'^r)/|P(r)»v(r)|)(flH-,(0 

-  b,  w,(t)/ 1  w.(t)  |  ]  exp(  -y>). 

Using  (6)  and  the  definition  of  $  we  have 

*«■  -  (v/T/-4)[M/)/! /MO  I  ][<»*,(/) 

-  6,H-,(r)/|M^r)|)  exp(-y>). 

Thus  (9)  becomes 

dw(t)/dt  +  2 k{<t>  +  ail)w(t)  <=  (2 ky/T/A) 

[*w(t)/ 1  /MO  1 1  [o -  ^,h-X/)/|w4/)|1 
exp(-y*). 

Using  (13)  for  e,(/),  (11)  becomes 

dwj(t)/dt  =  -2Ar,>*(/)[o<0w,(r)  -at(/)w(01 

and  with  (12)  we  obtain,  after  some  algebraic 
manipulation, 

dwj(t)/dt  =  -~2kr[caiw/(t) 

-  (a\/7/ A)  w'(t)Qw(t)  exp(y$)/  |/M0  |  ]  (16) 

where  the  prime  stands  for  transpose  conjugate. 

Equations  (15)  and  (16)  govern  the  main  feedback 
loop  weight  vector  w(t)  and  the  reference  loop  weight 
wM,  respectively. 

The  matrix  <&  is  Hermitian  having  rank  equal  to 

ns 


one.  Therefore,  there  exists  a  constant  unitary  matrix 
Q  such  that  Q'QQ  »  A  where  A  is  a  diagonal  matrix 
with  only  one  nonzero  element  A„. 

Premultiply  (15)  by  Q'  and  we  get 

dV(t)/dt  +  2Jc(\  +  <jiI)r(t)  =  2Ar[AT(/)/ 1  r(/)AT(/)  |,/J] 

•  l aw,(t)  -  b,wM)/ 1  w/t)  |]  exp(  ~y$)  (17) 

where 

no  =  Q'w(t)  (is) 

and  we  also  used  the  fact  that 

I /MO  I  -  (s/T/A)\w(t)*w(t)\'n 

=  ( yx/vi)  |  r*(/)  at(/)  r'*. 

Similarly,  (16)  becomes 

dw,(t)/dt  +  2k£a*w,(t) 

-  2kM[r(t)tf(t)/ 1  r'(/)AT(/) r*l  expC/4). 

(19) 

Let  T(r)  *»  Iy,(/) . y *</)!.  then  (17)  and  (19)  can  be 

written  as  (from  [6]) 

dy{t)/dt  +  2Jcaiy,(t)  =  0.  /  -  1,2, . N  -  1  (20) 

dMt)/dt  +  2k(K.  +  oi)r»(0 

-  2ka\fTr4  (y>(0/|y40ll(aw,(r) 

-  bt  wXt)/ 1  w,(r)  |  ]  exp(  -y>)  (21) 

dw/i)/dt  +  KocoM/)  *  2Ar,nv%|y*<0l  exp(/<fr). 

(22) 

. . ..  Notice  that  in  (20)  we  have  used  the  fact  that  A,  ■  0 
"  *  for  /  -  1,2, ....  N  —  1.  The  solution  of  (20)  is  given 

by 

y,(0  ■  y-(0)  exp(-2Aroir).  (23) 

To  solve  the  other  system  of  differential  equations 
(21)  and  (22)  we  define 

YM)  =  C(0  cxp[  -;9(/)l  (24) 

*v,(0  =  c,(0  exp(  -ytp(0J.  (25) 

With  this  (21)  and  (22)  become 
(d/df)  { <K0  cxp[  -m\ }  +  MK  +  tfMO  «P(  -M0) 

«=  2k\%  exp{  -j\9(f)  +-4(0  +tp(0]}[flfi40  -  M 

(2 6> 
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iV-  -f.  .‘-V-  .-.a 


(d/dt){edt)  expl-M'))}  +  2ksa*eM 


•exp(-^V(/)]  *  2*^>A»expl/4(/)le(/).  (27) 

Evaluating  the  derivative  and  multiplying  through  by 

expL/6(0]  giv« 

deity dt  -  Mt)[dB{t)/dt )  +  lk(k„  +  al)Q(t) 

m  Iks/T*  exp{  -MV)  +  «rtOU  lac-(0  -  b, |. 

(28) 

Similarly,  evaluating  the  derivative  and  multiplying 
through  by  exp[/y<r)]  produces 

deM'dt  -  jQit)[d\v{t)/dt\  +  2k£a>Q.(t) 


Fig.  S.  Phate-compenuicd  reference  ugnal  looo—  Hni  Khetne.  c  *  I 


2kM\ZL  exp{/W0  +  vKOJ }  e</). 


Equating  the  real  and  imaginary  pans  of  the  right  and 
left  sides  of  (2S)  and  (29)  we  obtain 


(29)  coi[fcr)  +  v<0)  - 

Cc40)  coii^o  +  ifO  f  Ik^s/X"  f0  q{t)  cy.p(2k£a2t)cH] 


Dividing  (31)  by  (33)  and  multiplying  through  by  dy(()/dt, 
we  get 


or 


where  we  assumed  that  +(/)  is  constant  or  very  slowly  vary¬ 
ing  » that  dM,QSdt  a  0.  The  solution  of  (34)  Is  given  by 


6d0  an(K0  +  4</))  **  c,  expi-lk&ff) 


where  c,  •  pXO)  sinMO)  +  ip(0)J.  Substituting  the  value  of 
6d0  from  (35)  into  (33)  we  get 


(rfip/dO/sin't^/)  +  u>(01 

m  (-kjy/Z/Co)  e(0  exp(2kfcaif) 

or 


Q-tO)  sin(f,  +  m>) 


de(t)/dt  +  IkiK,  +  <*2'p(r)  3  2 k\JTH  [aedt)  -  6,] 
costf(0 +  v*0l  (30) 

dedtVdt  +  ikxxfedO  ~  2kM\ZX,  eiO  coslM  +  nd')\ 


(36) 


If  <?(/)  is  bounded  away  from  zero,’  then  for  suffi¬ 
ciently  large  t  we  have 


(31) 


HO  3  ~M0 

in  which  case  (30)  and  (31)  become 


(37) 


eiOmn/dt)  »  2kVZ  sin(^/)  +  MWlaQdO  -  6,1  (32) 
Qdomo/dt]  -  2W&  sinWO  +  vXOIsKO-  (33) 


(d/dt) 


’  aiO  ' 

>  oi ) 

2ka\fX 

.  edO 

2k/i\fXN 

-2k/*1 

’  siO  ' 

+ 

— kbi  s/X, 

.QdO  . 

0 

(38) 


\deJityd(\/ed()  +  2 ktf  -  -a*t4(0+v</))[<Mf)/<tf) 


d  ]n[eXf)\/dt  +  Ikjcaf  ■  -d  ln{sin{4(0  +  ndOVdt) 

(34) 


For  this  linear  system  to  have  an  asymptotically  stable 
singular  point,  it  is  necessary  and  sufficient  that  the 
system  matrix  eigenvalues  have  a  negative  real  part.  It 
can  easily  be  shown  that  this  is  equivalent  to  the  con¬ 
dition 


(39) 


Notice  that  if  c  w.-rv  chosen  to  equal  one,  so  that 
the  scheme  of  hi,:  4/v  i,-  simplified  (Fig.  5),  then  the 
eigenvalues  of  the  matrix  in  (3G)  would  depend  on  the 
(35)  noise  power  oj.  Particularly  when  oi  is  almost  zero, 
then  one  of  th  se  eigenvalues  will  be  approximately 
zero  unless  the  loop  gains  are  chosen  to  be  very  large. 
This  means  that,  depending  on  the  noise  power,  the 
system  may  become  very  sluggish.  Furthermore,  one 
can  show  that  A*  »  NA’/2,  and  therefore  for  a  stable 
system  it  is  necessary  and  sufficient  to  have 


11111  cm  be  obtained  by  choosing  t  nonzero  initial  value  for 


(*l). 
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1  -m  •  .  a  .  »  .  *  1  _ 


■ T.7’7V;’;  ■  TT*-  ■-  --  • - 


*(0  =M0^(/)-jr(/)  Hit).  (46) 

The  reference  signal  d[t)  becomes 

d(t)  -  boit)wdj)/\At)  *.(0|  < 

=  61(/*'H<r)/tP>v(0|]-(w^)/|w^0|]  exp(  -/*). 

Thus 

/?«.  =  (b,  VT/A)[*w(i)/ 1  PM/)  { ]  [  W,(iy  I  w,(o  I  ] 

•  exp(  -/*)  (47) 

Fi|.  6.  Phajc-comptmsted  rf fnmct  tienal  loop— second  scheme.  2nd  (9)  becomes 

c>  1/(1  +  lol/NA1).  (40)  dw(t)/dt  +  2 k{*  +  oil)  w{t)  =*  (Ikb^/A) 

Obviously  c  >  1  is  sufficient  for  stability  with  any  x  (<&H-(/)//r,H'(f) \][wr(i)/ 1  tv(r) | ]  exp(  -  jj).  (48) 


Obviously  c  >  1  is  sufficient  for  stability  with  any 
signal-to-noise  ratio.  In  this  case  q{i)  and  sM  will 
converge  exponentially  to  their  steady  state  value 
given  by 


'<K0  ‘ 

.oAO  . 


l/(c(Aw  +  ai)  -  A»] 


c/2k  \JTnJ2akr  ~-2kb,\/T„ 

\JT„lak  (^  +  oiVIkra1  J  L  0 


lim  o(/)  =  cbl'/TH/[c( Aw  +  oj)  -Aw) 

-  (b,\/I/AN)[l/(l  -  1/c)  +  lai/NA1] 

(42) 

Um  qAD  -  (0,Aw/fl)/[c(Aw  +  oj)  -Aw],  (43) 

To  conclude,  we  notice  that  under  the  condition 
discussed  regarding  the  system  parameters,  the  array 
main  weight  w(r)  and  reference  loop  weight  wAt)  con¬ 
verge  to  a  steady-state  stable  value,  resulting  in  the 
elimination  of  weight  cycling. 

B.  Second  Compensation  Scheme 


Using  (46)  in  (44)  gives 

dwr/dt  *  -lk,[\y{t)V»'At)  -  y*(r) x'(r)  w(/)] 
and  using  (45)  we  get 

dw£t)/dt  =  -lkr[\A/\fT)  P'wit) |sw,(0 

-  w{tyt>w{t)  exp(y$)].  (49) 

Using  the  same  transformation  as  before  we  end  up 
with 

dy,(t)/dt  +  lkaiy{t)  «  0,  /  =>  2,  N  -  1  (50) 

dyjfy/dt  +  2Ar(A*  +  oi)y*{t) 

-  2Ar^jVa;[yw(/)/!rw(f)|]lM0/|^/)|] 

•exp(-7>)  (51) 

dwAO/di  +  2Ar^;yw(f)|,w,(/)  -  ^^lywfOl* 

•exp(/*).  (52) 

Using  the  polar  representation  of  r«(0  and  *v,(r)  as  in 
(24)  and  (25),  respectively,  and  after  equating  the  real 
and  imaginary  parts,  we  end  up  with 


A  different  reference  signal  loop  is  given  in  Fig.  6. 

With  this  the  reference  loop  weight  w,  is  governed  by  dQ(t)/dt  +  lk(\N  +  al)  q(1 )  a  lkb^s/In 


dwAtydt  =  -2 k,y*0)  etU) 

where 

At)  =  C4/vT)  P’w(t)  exp(  -y*) 
and 
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•  cos(*(r)  +  tp(0] 

dsAO/dt  +  lkM\t)Q.(t)  =  2kXa\t) 

•  cos[*(/)  +  vHOl 

Qii)[de{tydt]  =  2£(?,  vX  sin(4>(/)  +■  tp(/)] 
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Q.{t)[chiit)/dt  a  -2kJ.NQl(t)  sin[<KO  +  v(01-  (56) 

Using  steps  similar  to  those  that  led  to  (34),  we  get 
d ln{c^/)  sin[$(0  +  \iA.t)])/dt  =  -2kXtf{t) 
whose  solution  is  given  by 

Q'V)  stn[4(0  +  v(0]  =  cQ  expl-2JcAM  Ja  e*(4)  ^il- 

(57) 

Substituting  for  qM  from  (57)  into  (56)  we  get 

cot  [+(/)  +  v(01  ■  {tf.(0)  cos($0  +  Vo) 

+  2 kX,  f0  q'( t)  exp(2Ar^w  JJ  <?'(4)  <*4]  *}/ 

<?r(0)  sin(^0  +  Vo).  (58) 

It  is  obvious  that  the  right-hand  term  goes  to  infinity, 
and  we  have  lim  ip(r)  »  -+(/)  unless  p(/)  converges  to 
zero  for  finite  t.  In  this  case  we  get  from  (53)  and  (54) 

Jim  e(0  ■  b,\/X,/(Xv  4-  r>„) 

=  (btsfI/AN)[\/(\  +  2oi/iV.4})l  (59) 

lim  oXO  -  1.  (60) 

/— • 

To  conclude  weuiotice  that,  similar  to  the  previous 
case,  *(/)  and  *.(/)  converge  to  a  steady-state  value 
resulting  in  the  elimination  of  weight  cycling. 

C.  Performance  Comparison 

Comparing  (59)  with  (42)  we  notice  that  the  first 
scheme  requires  larger  control  weights,  unless  we 
make  c  very  large.  Equations  (36)  and  (58)  describe 
the  process  of  compensation  of  phase  shift  in 
reference  loops  of  the  first  and  second  schemes, 

•  respectively.  They  both  present  a  nondecreasing  func¬ 
tion  that  diverges  to  infinity.  If  the  rate  of  change  of 
one  function  is  greater  than  the  rate  change  of  the 
other  for  every  l,  then  the  corresponding  scheme  is 
preferable  since  it  will  decrease  distortion  in  the 
desired  signal  output  faster  than  the  other.  To  check 
for  this  we  can  take  the  derivative  with  respect  to  t  of 
(36)  and  (58),  respectively, 

/?,(f)  »  2k#s/T„  p,(0  cxp(2kxa1i)/QX0)  sin(4>  +  Vo) 

(61) 

RiO)  *  2M*ei(f)  exp[2U„  /’  c!(4)  dl,]/ 

0,(0)  sin(4>  +  vo)  (62) 

where  p,(r)  and  th(0  are  the  solutions  of  the  systei  i  oi 
equations  (30)  to  (33),  and  (53)  to  (56),  respective,/. 


Thus 

K, (')/*>(')  =  [«@,(0/\A.ei(/)l 

•  exp[2Ar,  oc1/  -  XN  /  oK4)^4]  (63) 

or 

«,(/)/«,(/)  >  [a<?,(/)/  n/T«  ||  ©,(/■)  i|  0l(0] 

•exp{2Ar,[cfl>-Awi|Cj(0in0  (64) 

where  we  used  U e/j)  ||  >  p,(r)  for  ever,  /i|«l|  is  the 
supremum  norm.  Using  (53)  we  show  in  the  Appendix 
that 

llci(0l!  <  C»(0)  +  b,\/TM/(X„  +  oi).  (65) 

Therefore  for  g,(0)  =  0  by  choosing  a  such  that 
a>  XNbi/(Xs  +  ol)  (66) 

we  get 

a1  >Av  ||  e,(0  |*.  (67) 

Hence  for  c  >  1,  (64)  becomes 

R,(r)/'Ri(i)  >  d,  (e,(0/ei(0]  exp(2*.d,0  (68) 


where  d,  >  I  and  d,  >  0.  Now  from  (42)  and  (59)  we 
have  for  b,  =  ?>,  (by  so  selecting  the  limiters  levels), 
C,(®)  >  Ci(°°)  Therefore  it  is  most  probable  (excep^ 
possibly  for  a  very  small  /)  that  R,(i)  >  /?,(/ )  for 
almost  every  t  »*  0,  i.c.,  it  appears  that  we  have  a  bet¬ 
ter  performance  with  the  first  scheme  than  with  the 
second.  To  have  (66)  satisfied  for  any  noise  power  oi, 
it  is  sufficient  to  require  a  >  6,.  Obviously  this  condi¬ 
tion  is  sufficient,  but  not  necessary,  for  the  first 
scheme  arrangement  to  perform  better  than  the  se¬ 
cond  scheme. 

IV.  ARRAY  OUTPUT  SIGNAL-TO-NOISE  RATIO 

The  complex  envelope  of  the  desired  signal  at  the 
array  output  is  given  by 

s(l)  =  v,(/)  «  (A/VT)  Pw{t)  *  (A/s/ T)  rQV(t) 

and  in  the  steady  state,  by  using  (23) 

lim  5(0  =  (A/\/T)  P'?.yw(«) 

/— ■ •» 

where  q,  is  the  last  column  of  the  matrix  Q.  By  its 
definition  Q'QQ  =  (AV2)  QP*P^  Q  =  A;  therefore 
(A/'/D  IJq ,  =  s/T„ 

and 

lim  5(0  ”  y/v(°°)  VT«. 

/—«• 
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Fig.  7.  Compensation  convergence  curves. 
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The  output  signal  power  &  «  |  //.(“)  laA^  while  the 
noise  power  is  given  by  /V,  -  oi|yw(®)|‘.  Hence 

Sa /N0  -  XJoi  =  NA'/2ol. 

This  is  true  independently  of  the  way  the  reference 
loop  was  compensated. 

V.  COMPUTER  COMPUTATION 

The  system  sets  of  (30M33)  and  (53)-(56)  for  the 
first  and  second  compensation  schemes,  respectively, 
were  solved  using  a  digital  computer.  The  array 
parameters  used  in  both  schemes  were 

k  =  30;  k,  *  23;  X„  «  1;  oj  »  0.01. 

For  the  first  scheme  we  used 

a  «=  8.33;  b ,  =  1.6767;  c  «  1.2. 

For  the  second  scheme  we  used  ■  10.  For  the 
derivative  operation  the  approximation  used  was 
df/dt  »  (/,.,  -  /,)/s.  with  s.  =  10  *\  The  results  of 
only  one  set  of  parameters  are  reported  here.  Never¬ 
theless,  the  computations  give  some  feeling  that  con¬ 
firms  the  analysis.  Actual  system  simulation  of  some 
real  scenario,  which  might  include  desired  signal 
modulation,  is  planned  in  a  future  research  and  is  felt 
inappropriate  in  this  stage  of  the  work. 

A.  Computation  Results 

1)  With  i  ■  O.ln,  0.2n,  0.3n.  0.4n,  and  0.5«  both 
schemes  had  ip(i)  converging  to  -f  The  difference 
was  in  the  rate  of  convergence.  While  with  the  first 
scheme,  ttfO  converged  to  in  50  time  iterations,  it 


took  150  time  iterations  for  the  second  scheme  to 
converge.*  Fig.  7  depicts  the  convergence  curve  of 
these  two  schemes.  Notice  the  superiority  of  the  first 
scheme  despite  the  use  of  parameters  ( bx  «  10,  a  => 
8.33)  which  do  not  satisfy  the  condition  in  (68). 

However,  the  computer  result  showed  that  other 
system  parameters,  namely  ©(/).  p.(/),  and  8(t),  con¬ 
verge  to  their  final  value  in  a  shorter  time  with  the  se¬ 
cond  scheme  than  with  the  first.  With  the  first 
scheme,  for  example,  these  parameters  converge  in 
6200  time  iterations,  while  with  the  second  scheme,  it 
took  150  time  iterations  for  eJO  to  converge  and  1200 
time  iterations  for  0{t )  and  p(f)  to  converge. 

2)  Changing  the  noise  power  oi  (=0.001, 0.01, 
and  0.1)  had  only  a  small  effect  on  the  rate  of  con¬ 
vergence  of  ¥»</)  with  both  schemes.  It  had  slightly 
more  effect  on  the  final  values  of  p(/)  and  eXO  of  the 
first  scheme.  It  had  even  less  effec*  on  these  values 
for  the  second  scheme.  This  is  in  agreement  with  the 
calculated  final  values  of  (42)  and  (43)  for  the  first 
scheme  and  of  (59)  and  (60)  for  the  second  scheme. 

3)  The  effect  of  the  parameter  c  on  the  stability  of 
the  first  scheme  was  examined.  With  c  *  0.9,  q (/)  and 
qM  did  not  converge;  with  c  =  1.1,  p(/)  reached  very 
close  to  the  final  value  with  7500  time  iterations,  and 
with  c  =  i,2,  6200  time  iterations  were  required. 

VI.  CONCLUSION 

Two  schemes  were  suggested  for  the  compensation 
of  the  phase  shift  introduced  by  the  bandpass  filter 
and  other  RF  components  in  the  reference  signal  loop. 
An  adaptively  controlled  complex  weight  was  used  for 
compensation.  It  was  shown  that  this  weight  con¬ 
verges  to  a  value  that  makes  the  total  phase  shift  of 


‘Convergence  lo  within  0.001  of  the  final  value  of  f 
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the  reference  loop  zero,  and  therefore  eliminates  the 
main  loop  cycling,  which  causes  frequency  distortion  of 
the  desired  signal  at  the  array-output.  Although  the  first 
scheme  requi*ed  more  hardware  complexity,  it  had  the 
advantage  of  faster  elimination  of  phase  shift  in  the 
loop.  Computer  analysis  confirmed  these  results. 

APPENDIX 

The  solution  of  (53)  is  given  by 
oO)  =  exp[-2*(A*  +  ©*)/]{/  2 kb,  vX  cos(<K/)  + 1^/)) 
x  expl-2*(Aw  +  ol)t]  dt  +  <?(0) } 

IfiWl  <  2Ar&,  vX  J.  expl-ZAfA*  +  oi)/)  dt  +  g(0) 
=  £jvX/(A»  +  ai)  +  g(0). 

This  is  true  for  any  /;  hence 
lletOl  <  &ivX/(A*  +  o’)  +  p(0). 
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Distortion  Estimation  of  SAW  Time  Inversion  System 
Based  on  Delta  Function  Approximation 
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Atemt-Timi  bi— koe  cm  be  ofettiaad  —tag  surface  kcouadc  tm 
(SAW)  ik  lie—  wick  bo  mo—  (k—  rw  chiry  filter  Me— eats.  Thu  am* 
kinubuB  method  is  bwd  oa  cks  fact  that  the  Fomin  tnaaforn  of  a 
Unas  frequency  moduli —d  (FM)  sipiai,  who—  envelope  is  modalafd 
by  a  prwn  d— e  fuse  bon,  has  (sypfasU— taty)  (ha  time-inverted  func¬ 
tion  «s  its  s—pH—da.  Ths  difTa—ai  dissorbo—  Inker— t  in  tha  ms  (hod 
a—  disc— aad.  Prooad—  a—  —gpasaad  to  aUndnaea  loins  of  tha—  die- 
torboiu,  while  otba— ,  iahai— l  daa  to  tha  eppraximiUon  used, am 
estimated.  It  ia  drawn  that  tha  a— laga  of  tha  entpue  distortion  is 
oppar-bomndad  by  w2/l6n,  whan  w  is  (ha  signal  bandwidth  sad  m  is 
the  chiip  fl — 'i  ling  nif  -  Mope.  Shnnisrion  (—nits  nipple— sat  ths 
anslyds. 

Introduction 

THE  time-inverted  replica  of  a  given  signal  is  very  impor¬ 
tant  in  many  signal  processing  applications.  Using  sur¬ 
face  acoustic  wave  (SAW)  components,  Nudd  et  al.  [1]  applied 
two  identical  inverse  chirp-transform  systems  to  a  real  time  sig¬ 
nal  and  obtained  an  output  that  is  the  time-inverted  replica  of 
the  input.  However,  implementing  the  system  using  chirp  de¬ 
vices  requires  at  least  four  chirp  Hi  tea.  Arsenault,  et  al.  [2] 
used  the  Fresnel  transform  to  obtain  time  inversion  with  three 
chirp  filten.  Recently,  a  new  SAW  time  Inversion  system  was 
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Enjloee  ring,  Tel  Aviv  University,  Ramst-Avir  69978,  luael. 


proposed  [3] .  It  is  based  on  the  fact  that  the  Fourier  trans¬ 
form  of  a  linear  frequency  modulated  (FM)  signal,  which  is 
envelope-modulated  by  a  given  time  function,  is  (approxi¬ 
mately)  the  time-inverted  replica  of  the  function.  The  idea  is 
based  on  a  certain  approximated  limit  expression  for  the  delu 
function  [4] .  A  detailed  comparison  between  the  various 
time  inversion  methods  was  recently  published  in  [5] . 

Here,  a  general  analysis  is  presented  for  time  inversion  sys¬ 
tems  based  on  delu  function  approximation  [3] .  Two  types 
of  distortions  are  shown  to  result— image  distortion  and  delta 
function  approximation  distortion-sad  expressions  describing 
them  are  derived.  Conditions  are  established  for  the  elimina¬ 
tion  of  image  distortion  using  time  gating.  To  estimate  the 
second  type  of  distortion,  upper  bounds  are  established  on  its 
time  average.  These  bounds  depend  on  the  signal  energy,  the 
squared  signal  bandwidth,  and  the  filter’s  slope.  Using  com¬ 
puter  simulations,  the  time  average  of  the  delu  function  ap¬ 
proximation  distortion  is  computed  for  different  values  of  sig¬ 
nal  bandwidth  and  filter  dispersive  slopes,  and  a  comparison  is 
made  with  the  calculated  upper  bounds. 

System  Analysis 

Consider  the  system  shown  in  Fig.  1  and  let 

/(f)-/(f).f«<f<fo  +  T 

*  0,  elsewhere  (1) 

m  (f)  ■  exp  l/r(<u,  ±2 y(r  -  2r,  -  7)))] 

♦  cc,  r,  <  t  <  /,  ♦  r, 

■  0,  elsewhere  (2) 
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Fig.  1.  Block  diagram  of  system. 

e  (0 «  exp  [y'i(to ,  * u(f -  2/a  -  Ta))] 

♦  cc,  r,  <  f  <  f,  +  ra 

■  0,  elsewhere  (3) 

where  cc  stands  for  complex  conjugate,  /(r)  is  th  input  signal 
to  be  inverted,  m  (f)  is  the  chirp  modulation  signal,  ~i  *  c  (r)  is 
the  chirp  filter  impulse  response,  respectively,  to/,  7..  and  t/, 
im  1, 2,  are  the  chirp  filter's  center  frequencies,  time  disper* 
cions,  and  minimum  impulse  response  delay  times,  respectively. 
Notice  the  use  of  the  double  dispersion  slope  in  the  first  chirp 
filter.  The  plus-minus  signs  mean  that  It  is  possihle  to  have 
either  up  or  down  chirps. 

The  output  of  the  system  x  (.;)  is  given  by 

*(f)“(/(r)-m(r)).c(r)  (4) 

where  the  asterisk  denotes  the  convolution.  Substituting  for 
c  (r)  and  m  (r)  from  (2)  and  (3),  we  obtain  after  some  algebraic 
manipulations 

x(r)-exp  [/(«3i?)ir(f'  2ra-  7'j))]  (A(Clt) 

*B(  na))  +  cc  (5) 

where 

♦  <jj  *  2m  ^r  -  (?.fr  *  it)-  2-'  2 

■  toa  ♦  wa  *  2m  (fa  -  2 r,)  - 

and  A  (to)  and  if  (to)  are  the  Fourier  transforms  of  a(t) m  f(t). 
exp  (±/ttrJ)  and  b  (r)  */(r)  exp  (*3urJ),  respectively. 

Define  the  function 


1  (f,  m)  *  '/**»//»  exp  (t/ur3). 

(6) 

Its  Fourier  transform  is  given  by 

0  (to,  m)  *  exp  (F/coJ/4u), 

(7) 

Using  Taylor  series  expansion  about  l//r  ■  0,  we  have 


J{r(f)exp(±//ir,)}  =  J  r(r)exp(t/MrJ) 

■  exp  (-/tor)  dr 

«  s/jvjtii  exp(?/<o*/4/i)  J  rW 

•  exp  (±fu  (r  ?  )]  dj  (9’ 

where  5  stands  for  the  Fourier  transform.  Using  Parseval’s 
formula  together  with  (6)  and  (7),  the  integral  in  (9)  becomes 

where  R  (to)  is  the  Fourier  transform  of  r(r).  Using  (8),  we 
have 

5{  r(t)  exp  (tint1)}  -  —  V/Wiu  exp  j-  j  • 

'  L *  <n)  (J/  S)"  "p  (*'  2%  °) dn 

(10 

or  using  the  fact  that 

we  have 

J{r(r)  exp  (t/ur1)}  »  ^ 

•  J  *  (fl)  (/D)*"  exp  (±1  J^njdn.  (11 

Finally,  recognizing  the  last  integral  as  the  inverse  Fourier 
transform,  (1 1)  yields 

f{r(r)cxp(±/tst3)]-y/^  Z  «xp  (?/ 
where 

Applying  this  result  to  A  (to)  snd  5  (to),  we  obtain  from  (5) 


+  3-("*,/2>cos0a 
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Also,  notice  that 


f  {r(/)exp  (±/M»*)}  - j/^  «p  (*/  ~j[r  (*  g) 

♦  JLf  i/BLV  r 

lit  «!  \4m/ 

■n*"*(n)«p^/ ^jjnj  rfnj. 

(19) 

Assuming  that  the  image  distortion  Is  removed,  the  output 
envelope  y(t)  of  the  system  in  Fig.  1  can  be  obtained  from 
(5)  together  with  (19): 

“P  Via0)  1,0  <20> 

where 

(j„ 

Thus,  the  enor  (distortion)  e  (r)  caused  by  the  delta  function 
approximation  is  given  by  the  second  term  in  (20).  Using  tri¬ 
angle  and  Schwarz  inequalities,  wc  get 

!.i/ la('D7* 

•fiF(n)exp  1/(7--  oni  I1 

■iiWHK 

(22) 

Since  /(r)  is  band-limited  to  w,  the  fust  integral  equals 

h>  /w\4" 

4n  ♦  1  \2/  * 

The  second  integral  is  the  energy  E  of  the  input  signal  /(/). 
Hence,  (22)  yields 

1 

Equation  (23)  provides  a  uniform  bound  on  the  distortion  of 
the  delta  function  approximation,  and  hence  it  is  also  a  bound 
for  the  average  distortion. 


17  (£)"  vshrr*  17  {0 ' ‘Xf  (S’ ‘ 

and  therefore  we  have  another  bound,  namely, 

I  f  (f)  I  <  s/Ew  ^exp  (~)  -  l)  •  (2. 

Using  Cauchy  inequality  in  (23)  we  get 

”»*■»(£  Un-DT 
(I  ST 


\fEw  •  0.48  ■ 


1  rT 

tL  ,e(f),rff- 


^  [l-(w*/16M),l,/*' 

Notice  that  for  (25)  to  apply,  we  must  have  w 1/16/u  <  1.  The 
three  bounds  of  (23),  (24),  and  (25)  are  depicted  in  Fig.  3. 

Computer  Simulation  Results 
The  system  of  Fig.  1  was  simulated  on  a  digital  computer. 

The  chirp  filters  were  modeled  by  their  impulse  responses,  as 
in  (2)  and  (3),  the  basic  parameters  being 

wt  =  =  2rr  (60  MHz) 

r**r,  *  0 

M*M«  *0  2  MHz/ms  , 

T,  ■  6.25  ni 
T,  *  25  us. 

The  input  signal  wu  of  the  form 

/(r)  -  sin (ir/r()  r  +  0.5  sin (2n/T,)  r,  Q<t<T, 

*  0,  elsewhere  (26 

where  7)  ■  7\.  Fig.  4  shows  the  input  signal  in  the  time  and 
frequency  domains. 

The  continuous  signals /(r),  m  (r),  andc(r)  were  sampled 
every  0.01  ms,  and  the  sampled  product  of/(r)  and  m  (r)  was 
convolved  with  the  sampled  c  (r)  using  fast  FourieT  transform 
(FFT),  by  multiplying  them  in  the  frequency  domain  and 
then  finding  the  inverse,  transformation  using  inverse  fast 
Fourier  transform  (1FFT). 

To  show  the  effect  of  w*/16m  on  the  output  distortion,  the 
simulation  was  run  four  times,  each  with  a  different  m  (mo, 
Mo/2,  m<>/4,  Mo/5)  and  all  with  the  same  input  si  goal  (of  band¬ 
width  w).  Since  B  »  2m7\  changing  m  while  keeping  T  (the 
chirp  filter  dispersive  time)  fixed  means  that  the  filter  band¬ 
width  is  changed.  Fig.  5  depicts  the  input  and  the  output  of 
the  system  for  each  case.  The  lower  traces  show  x  (r)  (refer  lo 
Fig.  1)  while  the  upper  trace  shows  m(r)  modulated  by/(r), 
which  is  the  input  to  the  convolving  chirp  filler  c(r). 

To  calculate  the  amount  of  distortions,  the  output  was 
envelope-detected  by  finding  the  maximum  value  of  25  points 
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ri*.  5.  E/Tect  of  on  output  dirtonioti. 

the  comunt  delay,  with  /  (*)  and  y  (k)  beh<g  of  ante  magni¬ 
tude.  Thus,  i  represents  the  avenge  enor 


in  the  sampled  form. 

Fig.  6  depicts  y  as  a  function  of  p  for  the  two  different  in¬ 
puts,  of  bandwidth*  w,  and  wt,  w*  >  wt,  as  well  as  showing 
the  theoretical  upper  bound*  on  the  enor,  calculated  for  the 
two  cases  using  (23). 

Discussion  and  Conclusion 

The  output  distortions  in  delta  function  approximation  time 
inversion  systems  were  examined.  It  was  shown  that  the  image 
distortion  can  be  eliminated  using  a  time  gate  cr  by  using  i 
bandpass  filter  at  the  output,  with  bandwidth  w  centered  at 
2cui  -  Wi,  when  2  (2wj  -  cj,)/3  >  2w/3. 

The  delta  function  approximation  di*tortion  cannot  be  re- 


Flg.  6.  Avenge  error  u  function  of  u  for  fixed  w.  (a)  Simulation  re¬ 
sult*  Tor  w| .  (b)  Simulation  result*  for  >  wj .  (c)  Calculated  up¬ 
per  bound  for  iv  | .  (d)  Calculated  upper  bound  foi  w3  >  wt. 


moved  because  p  i*  finite.  It  was  shown,  however,  that  the 
error  caused  by  this  distortion  is  upper-bounded,  and  the 
bound  grows  with  w3/ 164.  Computer  simulation  results  were 
shown  to  support  this  theory.  Thus  Fig.  5  shows  that  for  fixed 
w,  the  distortions  grow  with  I/p,  and  from  Fig.  6  it  can  be 
shown  that  for  fixed  p,  the  average  enor  grows  with  w.  Fur¬ 
thermore,  the  simulated  average  error  waa  shown  to  be 
bounded  by  the  calculated  theoretical  bounds. 

These  results  mean  that  if  an  input  signal  of  a  certain  time 
duration  needs  to  be  time-inverted,  the  system  of  Fig.  1  is 
satisfactory  if  the  chirp  filler's  bandwidth  is  much  larger  than 
the  bandwidth  of  the  input  signal.  If  such  filtera  do  not  exist 
or  are  too  expensive,  another  time  inversion  system  can  be 
used  (5) .  However,  more  chirp  filters  will  be  required. 
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Abstract 

A  popular  method  of  performing  frequency 
measurement  is  by  using  the  autocorrelation  of 
the  signal  to  be  measured  with  a  delayed  (fixed 
delay)  version  of  the  same  signal.  A  disadvan¬ 
tage  of  this  approach  la  the  ambiguity  in  the 
result  unless  the  input  bandwidth  la  limited. 

Instead,  a  variable  delay  line  controlled 
by  a  feedback  arrangement  is  proposed  In  this 
work.  This  approach  using  S AW  components  for 
the  voltage  controlled  delay  line  (VCDL)  is 
show  to  provide  a  wide-bard  measurement  with  no 
ambiguity. Systems  with  different  feedback  loop 
filters  are  analyzed  and  compared.  Some  com¬ 
puter  simulations  and  experimentally  set-up 
results  are  a1:”  Included. 


1 

1  € 

I.  Introduction 

Frequency  neasuring  systems  are  important  in 
many  applications.  One  popular  method  of  perform¬ 
ing  such  measurements  is  to  eutocorrelete  the 
'  signal  to  be  measured  with  a  delay  version  of  the 

V  same  signal.  Such  a  system  arrangement  which  is 
depicted  in  figure  1  la  usually  termed  instantan¬ 
eous  frequency  measurement  (IFM).  The  output 
voltage  can  be  related  to  multivelusa  at  the  in- 
coming  signal  frequency  unless  the  possible  band¬ 
width  of  frequencies  is  limited.  In  fact,  un¬ 
ambiguous  measurement  can  be  obtained  only  If  the 
input  bandwidth  at  is  less  than  1/2  where 

is  the  fixed  delay.  Furthermore,  the  relation  be- 

V  •  tween  the  output  voltage  and  the  frequency  to  be 

measured  Is  highly  nonlinear  unless  further 
restriction  on  bandwidth  is  imposed. 

In  recent  years  surface  acoustic  wave 
**■  (SAW)  components  were  used  to  advantage  in  many 
different  applications  in  communication  and  sig¬ 
nal  processing.  One  of  these  components  vb'ch  is 
widely  used  in  aoalog  precesslng  is  the  chirp 
filter  (see  for  example  [2]).  A  system  that  per¬ 
forms  rhe  function  of  a  voltage  controlled  delay 
r  line  VCDL  can  be  procured  using  a  cascaded  ar¬ 
il;  rengement  of  two  chirp  filters  [3,4]. 

"  *Thi*  work  is  partially  supported  by  the  Air  Force 
Office  of  Scientific  Research  under  grant  No. 
AFOSR-78-3688. 

•‘Currently  on  leave  of  ebeenca  from  School  of  En- 
.  glneerlng,  Tel-Aviv  University. 


In  this  work  we  consider  the  use  of  a  vari¬ 
able  delay  line  for  IFM.  The  correlator  output  is 
filtered  and  fed-back  to  control  the  delay  line. 
This  feedback  system  that  mathematically  resem¬ 
bles  a  Frequency  Modulation  Feedback  (FKFB)  ar¬ 
rangement  enables  one  to  obtain  wideband  IFM.  In 
fact,  such  an  arrangement  might  be  used  as  well 
in  other  applications  such  as  in  wideband  FM  de¬ 
tection.  SAW  voltage  controlled  delay  line  will 
be  utilized  as  a  variable  delay.  The  work  in¬ 
cludes  setting  up  the  dynamic  equations  of  dif¬ 
ferent  loop  filters.  The  phase  plane  representa¬ 
tion  la  used  to  determine  the  singularities  of 
the  system  and  to  aid  in  combating  the  ambiguity 
problem.  A  comparison  of  performance  with  dif¬ 
ferent  loop  filters  is  made  by  considering  the 
necessary  limitations  needed  to  have  unambiguous 
measurements ,  as  well  as  by  the  acquisition  time 
of  the  system,  l.e.  the  time  thet  it  takes  for 
the  output  (measuring)  voltage  to  get  sufficiently 
dose  to  its  final  value. 

It  la  shown  thet  with  proper  selection  of 
the  chirp  filters  used  in  the  VCDL,  the  correa- 
•pondence  of  input  frequency  to  voltage  out, ut  is 
unique,  end  hence  the  ambiguity  problem  is  eli¬ 
minated.  It  is  also  shown  thst  the  frequency 
measuring  bandwidth,  which  practically  equals  the 
VCDL  bandwidth,  Is  essentially  large  and  depends 
only  on  the  chirp  filter  parameters. 

Computer  simulation  and  experimental  results 
support  the  theory. 


find  delay 


2.  System  Block  Diagram  and  Equation 


The  block  diagram  of  a  variable  delay  IFM  is 
depicted  in  figure  2.  The  VCDL  is  considered  com¬ 
posed  of  a  frequency  controlled  variable  delay 
line  (FCDL)  and  a  voltage  controlled  oscillator. 

If  the  loop  gain  Ls  sufficiently  large  or  the  loop 
filter  includes  a  pole  at  zero,  the  system  steady 
scate  ls  at  a  point  where  the  autocorrelation  of 


the  input  Is  clots  to  or  st  zero.  Particularly 
for  <  tingle  tone  input,  the  autocorrelation  func¬ 
tion  It  a  sine  wave  with  the  taste  frequency  as  the 
input.  Using  the  relation  between  the  output 
voltage  y„(t)  and  the  signal  autocorrelation's  , 
xero  crossing  we  facilitate  our  frequency 
ateacuremencs. 


The  VCDL  characteristic  is  given  by  [4] 

t(u>0)  -  cx  +  c2u.o,  «ao  -  kv  ve  (1) 

where  k  is  the  VCO  gain  and  c.  and  c.  are  con¬ 
stants  which  depend  on  the  FCDt's  chirp  filter 
pataaetara.  The  general  loop  equation  la 

*0<0  -  kP(p)  v1(t)  v1(t-c1-c2kvv{>(t))  (2) 
or 

uo(t)  -  k1F(p)vi(t)  v1(t-c1-c2<iio(e))  (3) 

where  F(p)  with  pAd/dc,  is  tha  Heavlaida  operator 
representing  the  loop  filter  transfer  function  and 
k  "  k^k^  represents  tha  total  loop  gain. 

For  frequency  aeasurenenc  we  assuse  v  - 
k  cos  u.c  where  f .  ■  w./2n  is  tha  input  frequency 
to  be  measured.  wltiithla  (3)  bacoaaa 

»o<t)  •  kjF(p)coa[u1<CjL-c2  uio<t))]  (4) 

where  we  neglect  the  double  frequency  terns  and  let 
k  •  /J.  Together  with  v^  •  ui^/k^,  this  tdynaaic 

aquation  determines  the  transient  as  wall  as  tha 
ateady  state  cooponenta  of  tha  output  mcaauresent 
voltaga  aa  a  function  of  Input  frequency,  w,,  to 
ba  measured.  This,  obviously,  depends  on  ‘'the 
filter  transfer  function  F(p).  In  tha  next  sec¬ 
tions  va  discuss  in  soma  detail  tha  case  when  this 
filter  Is  formed  of  a  perfect  integrator  and  only 
present  sons  result  rslated  to  tha  cases  with  othsr 
different  filter  transfer  functions. 


uift(t) 


_  1  f  (4n+l)TT 
V  2ui  ‘C1 

1  ,  -1  w  -<i>.c,k,t, 

♦—[tan  tan(-j+-|(c  4c  u  (0)))  e  1  2  1  I 

1  4  4  0  J 


and  for  Cjk^O  ve  have  for  the  ateady  atate 


w  .  L  1*0*1  )J 

oaa  c2 

or  for  the  output  voltage 

v  - 

oaa  c2kvL  2^ 


C1 


:i3 


<?) 

(8) 


That  is,  the  output  depends  inversely  on  the  input 
signal  frequency  with  ambiguities  resulting  from 
the  different  possible  values  of  n.  To  Investigate 
the  characteristics  of  the  solution,  ve  uae  the 
phase  plane  representation  of  (5)  aa  it  is  done  in 
figure  3.  Clearly,  the  system  vill  settle  in  the 
eteady  state  at  one  of  the  stable  singular  points 
of  (7)  depending  on  the-  initial  value  u>  (0).  If 
we  chooee  the  stable  point  correepondinf  to  n-0  as 
our  desired  solution  we  muse  limit  u  (0)  to  the 
region  0 


-  q'n;  *  ei>  ‘  ^  -  ‘i>  <*> 

tux  any 

Aii)  A/ii 

"c  “  r  i  i  “c +  r  do 

where  Lu  is  tha  input  (radlan)bandwldth  and  u  la 
the  center  frequency  of  this  band.  The  emallisc 
region  for  u (0)  la  given  from  (9)  by 


2.1  Tha  Farfact  Integrator  Loop  Case 
For  this  esse  F(p)  ■  I/p  and  (4)  •'-comas 

<*•  (t)  -  k,  eo»  [«.  (s.+c-u)  (t))  j  (5) 

O  b  j,  1  L  O 

where  «0<t)  *  dw  (t)/dte  This  is  «  first  ordsr 
noo-liaear  differential  equation,  whose  solution  la 


-  *  ci5<  V0,<^  ^;v&,/2rci)] 

tii) 

which  leads  to  a  VCO  output  frequency  range 

Wo  "(uc+Au/2)c2  (l2) 
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and  VCO  center  frequency, 


In  (a) 


(20) 


WV  “  C^  (i<wV&37fi  “  ci} 


.  (13) 

where 


T 


This  limitation  on  the  outpuc  frequency  of  VCO  Is 
not  sufficient  to  obtain  a  unique  singular  stable 
point  solution,  unless  we  assure  that  the  stable 
point  for  the  extreae  case  with  “  uc  "  2  *tay* 

vlthln  the  region  of  (11).  That  Is 


1  r  w 

or 


u 


3w 


2  2^wc+F 


(14) 


tsn(0.005  <u^c^  -  0.025ir) 
tan(0.5j^c^  -  Q,25n) 


(21) 


From  which  we  notice  that  the  acquisition  tine 
depends  on  the  VCDL  parameters  c^  and  c,  as  well 
as  on  the  loop  gain  k  and  the  measured  Input 
frequency  u^.  For  any  input  frequency,  T  la 
larger  when  Cj  and  k  are  smaller.  9 

2.2  Other  loop  filtering  cases 


Aw/u>c  <  1 


(15)  We  consider  two  additional  klnda  of  loop 

filters  In  this  sectloa; 


which  mesas  the  Input  bandwidth  has  to  be  limited  to 
less  than  1002  of  its  center  frequency.  However, 
the  system  bandwidth  Is  limited  by  the  VOL  band¬ 
width  which  la  less  chan  1002  and  (15)  follows. 


a.  F(p)  •  212 
Equation  (4)  becomes. 


For  e  SAW  voltage  controlled  delay  line  we 
have  [4]  c2  -  l/2p  ,  when  m  la  the  chirp  filter 
slopw  and, 

Bc  ■  Au  -  2pT  -  Au  (16) 

where  B.  la  the  bandwidth  of  the  VCDL  (for  e  con¬ 
figuration  with  two  identical  chirp  filters) 
end  2wT  is  the  bandwidth  of  the  chirp  filters. 
Substituting  (12)  Inco  (16),  we  obtain  after  some 
algebraic  manipulation 

Aw2  +  2Aw(u»  -uT)+4u(2ff-Tui  )-0  (17) 

c  c 

which  has  a  positive  solution, 

Au  •  pT-(Jc  +  /(UT+  u.}2  -  flinr  (18) 


provided  yT  +  to  >  2/2pn  .  This  is  the  system 

bandwidth,  vhlcn  la  very  close  to  the  filter's 
bandwidth  2pT  if  the  second  tern  uouer  the  root 
■lgn  la  sufficiently  smell. 

Beside  the  system  bandwidth,  another  important 

parasieter  in  designing  IFM  Is  the  acquisition  tine, 

T#.  This  will  be  defined  as  the  time  It  takes  the 

system  to  reach  e  state  where  the  output  voltage 

gets  to  902  of  its  final  steady  state  value.  One 

can  show,  using  (5),  that  the  time  T  that  it  takes 

v„.(t)  to  get  to  the  value  v  -  v  (Tp),  starting  at 

v®(0)  -  0,  la  given  by  op  0  p 
o 


1  ,  /aaC-jhu^c^c 2kvv  >] 

„  ln( - 7"  lu~c7  > 

2  1  .t.nC-£  +  4-] 


Using  (9)  we  have  for  n  •  0 


(19: 


«o(t)- 


e  kj  cosCw^Cj+CjU^ (t))] 

Hvj^c^k  sinL^  ( Cj+c2wo  ( t )  )  ] 


(22) 


The  steady  state  solutions  of  this  equation  are  the 
same  as  those  of  the  previous  case,  so  that  the 
whole  discussion  concerning  the  suitable  design 
that  leads  to  non-sebiguous  solutions  applies  to 
this  case  as  well.  However  the  acquisition  time  is 
different  and  given  by 


Ts- 

a 

1 

c2  11 

-  In 

“l 

.  [d.0B] 

(23) 

where  a  as  In 

(21) 

• 

cos 

0  -  — 

(0.  lio^c^+0.45u) 

COS  (WjC^) 

'(24) 

and 

B  ■ 

C2  k 

(25) 

Coopering 

(22) 

with 

(20) 

ve  conclude 

the  following, 

'  InS  „ 

ES  > 

a-1 

B 

■> 

V 

(26) 

lnfi  > 
Xna 

a-1 

B 

-> 

V 

\ 

(27) 

where  T,  end  Tgj  ere  the  acquisition  times  of  the 
previoue^and  the  current  loop  filter  cases, 
respectively.  That  is  with  the  same  system's 
parameters  and  input  frequency,  different  value 
of  a  (the  zero  of  the  loop  filter)  can  make  either 
of  these  eases  have  smaller  acquisition  time 


i 

•r, 

V. 


V 

3 


i 


a 

J) 


< 

\ 

V 

V 


'  *•  r<P)-pE 

Hare  (4)  becomes, 

% 

«0(t)  -  coatw^Cj^  +  c2u>o(t))]-b  waU) 


(28) 


The  phase  plane  representation  of  this  equation  Is 
given  In  figure  4.  Notice  that  with  proper  choice 
pf  the  pole  b  the  system  will  have  only  one  singu¬ 
lar  point  and  hence  no  aablguity  In  the  measurement 
end  there  Is  no  need  for  performance  limitation 
(restriction  of  the  range  of  the  VCO  frequencies). 
It  Is  obvious  that  this  unique  singular  point  Is  a 
stable  point  if  and  only  If  b  la  positive. 

To  conclude  vs  remark  that  a  proper  combina¬ 
tion  of  ehe  previous  case,  as  for  example  using 
,F(p)  -  p  +  a/(p+b)  can  lead  to  a  design,  having  no 
ambiguity  (by  proper  choice  of  b)  and  satisfying 
acquisition  time  (by  proper  choice  of  a). 


3.  Simulation  Results 

The  following  parameters  vers  used  In  the 
digital  simulation; 


kv  “  1 


c^  •  0  (or  Cj-1)  c2  •  2.5* 

sad  a  ■  2 

rrfuj 


Zn  tables  1  and  2  vs  present  the  results  of  these 
simulations  when  the  loop  filters  used  were  1/p 
and  p  +  a/p  respectively.  Notice  the  smaller 
acquisition  tins  la  the  second  case. 


ui 

:! 

vosa 

simulation 

T. 

simulation 

V 

OHS 

calculated 

0.1 

0 

2 

22 

2.000 

0.1 

1.0 

1.87266 

22 

1.872676 

0.05 

0 

3.99998 

38 

4.000 

0.025 

0 

7.99995 

69 

8.000 

Table  1.  Simulation  Results  with  F(p)  -  1/p 


W1 

C1 

V 

OSS 

simulation 

T 

a 

simulation 

V 

cas 

calculated 

0.1 

0 

2 

5 

2.00 

0.1 

1.0 

1.8726 

6 

1.872604 

0.05 

0 

4 

9 

4.00 

0.025 

0 

8 

13 

8.00 

In  figure  5  we  draw  the  transient  behavior  of  the 
.output  voltages. 


The  block  diagram  of  figure  6  was  used  to 
examine  the  principal  Idea  of  this  paper.  The 
resulta  of  the  measurement  done  with  the  experi¬ 
mental  setup  are  summarized  in  figure  7. 
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Teble  2.  Simulation  Results  with  F(p)-(jH.a^, 


il)  Proceeding  of  the  IEEE  Special  Issue  on  sur¬ 
face  Acoustic  Wave  Devices  &  Application,  May  1976. 

[2]  E.C.S.  Paige  "Dispersive  Filters'  Their  de¬ 
sign  end  Application  to  Pules  Compression  and 
Temporal  Transformation"  Proc.  International  Spe¬ 
cialist  Seminar  on  Component  Performance  and  Sys¬ 
tems  Application  of  Surface  Acoustic  Wave  devices, 
IEEE,  London,  1973. 

[3]  V.S.  Dolat,  R.C.  Williamson  "A  continuously 
Vsrlsblt  Delay  Line  System",  Proc.  1976  Ultra¬ 
sonic  imp.  IEEE  Cat.  #76  CHI  120-5SU. 

[4 ]  T.  Bat -Ness,  H.  Messer,  "A  Unified  Approach 
to  the  Ossips  of  Voltage-Controlled  SAW  Delay 
Lines"  Subsl::cd  for  Publication  to  IEEE  Trans¬ 
action  on  tor. ics  and  Ultrasonics. 


F-19 


V. 


ftr--. 


Appendix  G:  Enhanced  Image  Quality  With  Sparse  Arrays 


8.  A  NULLING  TECHNIQUE  FOR  MICROWAVE  IMAGING  WITH  A  RANDOM  THINNED  ARRAY.* 

C.  Nelson  Domy  Lih-Tyng  Hwang 

INTRODUCTION 

Target  Model  for  Microwave  Imaging 

Microwave  images  differ  from  optical  images.  The  wavelengths  of  light  are 
much  smaller  than  those  of  microwaves.  Most  objects  are  sufficiently  rough  at  op¬ 
tical  wavelengths  to  scatter  light,  permitting  formation  of  visual  images  of  ob¬ 
jects.  At  microwave  wavelengths  many  objects  have  smooth  surfaces  which  do  not 
scatter  radiation,  but  reflect  it  quasi-specularly .  An  aircraft  imaged  by  a  radio 
camera  is  an  example:  it  contains  flat  surfaces  such  as  the  fuselage  and  some  small 
details  such  as  windows,  edges  and  corners  on  the  aircraft.  A  microwave  antenna 
"sees"  the  fuselage  only  when  a  specular  return  is  received.  The  flat  surface  ap¬ 
pears  "black"  except  in  a  narrow  viewing  sector.  In  this  situation,  a  strong  high¬ 
light  within  the  image  is  a  function  of  transmitter -object-receiver  geometry,  and 
therefore  does  not  necessarily  help  the  user  in  identifying  the  object.  The  weaker  . 
signals  received  from  the  small  scattering  objects  (if  strong  enough  to  be  visible) 
tend  to  outline  the  object  being  viewed;  their  relative  locations  are  not  affected 
by  the  geometry.  They  generally  can  provide  information  for  object  recognition. 

Since  the  scattering  sources  are  weak  relative  to  the  highlights,  wide  dynamic  range 
of  the  target  echoes  becomes  the  first  assumption  in  the  target  model.  Since  high¬ 
lights  tend  to  appear  only  over  a  very  narrow  angle  in  the  image  and  since  the  scat¬ 
tering  objects  tend  to  be  small  and  isolated,  we  model  targets  for  microwave  imaging 
by  a  set  of  discrete  point  scatterers. 

Conventional  Spatial  Signal  Processing 

We  have  modeled  a  target  scene  by  a  discrete  set  of  scatterers  with  wide 
dynamic  range.  Assume  the  targets  are  in  the  far  field  of  the  array.  Then 
the  scene  function  can  be  written  as 
K 

s(u)  ■  l  a  6(u-u.  )  (1) 

k-1  *  * 

Where  u  *  sin6,  0  is  the  angle  measured  from  the  broadside  of  the  antenna  array, 
is  the  complex  strength  of  the  kC^  target  at  "angle"  u^,  and  K  is  the  number 
of  targets. 

*This  work  is  supported  by  the  Air  Force  Office  of  Scientific  Research,  under 
Grant  No.  AFOSR-82-0012 . 
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FIGURE  8.1  ARRAY  GEOMETRY 


Let  x  denote  the  position  of  the  element  of  the  array  as  shown  in  Fig- 

®  ch 

are  8.1.  The  signal  received  at  the  n  element  can  be  represented  as 

K  -j  ^  x  u 

S(Xn)  "  J  Vs  "  (2) 

k-1 

S(x  )  is  the  Fourier  transform  of  the  scene  function.  To  image  the  scene,  that 
n 

is,  to  estimate  the  magnitudes,  phases  and  directions  of  the  target  scatterer, 
the  conventional  approach  is  to  take  the  inverse  Fourier  transform  of  the  aper¬ 
ture  distribution  SCx^) t  as  shown  in  Figure  8.2. 


Assuming  no  noise  and  no  element  position  error,  the  image  of  s(u)  is, 

,  N  Jtxu  K  -j  x  u.  K 
s(u)  -  -  l  e  n  (  l  a ke  "  k)  -  [  *f(u-u  ) 

n-1  k-1  k-1  * 


K 

-  f(u)  *  l  a.<5(u-u ) 
k-1  *  K 


(3) 


t? 
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where  f(u)  is  the  array  factor.  The  equation  says  that  the  image  of  s(u)  is  a 
summation  of  weighted  and  shifted  array  factors.  If  f(u)  were  a  delta  func¬ 
tion,  we  would  obtain  a  perfect  image.  Because  of  the  finite  size  of  the  an¬ 
tenna  array,  f(u)  is  only  an  approximation  of  the  delta  function;  it  possess¬ 
es  a  mainbeam  with  finite  width  and  sidelobes.  We  cannot  image  a  scene  exact¬ 
ly  by  using  a  finite  size  antenna  array. 

Random  Thinned  Array 

The  requirement  of  a  large  antenna  array  is  imposed  through  the  need  for 
good  resolution.  The  resolution  is  determined  by  the  width  of  the  mainbeam  of 
the  array  factor.  The  bearawidth  is  X/L,  where  X  is  the  wavelength  of  the  mi¬ 
crowave  signal  and  L  is  the  size  of  the  antenna  array.  Microwave  wavelengths 

run  from  about  1  to  30  cm.  To  achieve  a  beamvidth  (or  resolving  power)  of 
-4 

10  rad,  which  is  common  for  a  camera  lens,  a  microwave  aperture  **  »•  *  to  be 
100  m  to  3  km  in  size.  Because  of  this  large  size,  the  elements  u 
placed  conformal  to  the  terrain.  We  assume  they  are  randomly  placed.  To 

4 

build  a  filled  array  of  this  size  would  take  2  x  10  elements,  a  number  which 

is  coo  large  and  impractical.  The  array  must  be  thinned  drastically.  Random- 

% 

ness  and  thinning  are  two  basic  requirements  which  we  impose  in  constructing 
an  antenna  array  for  high  angular  resolution  microwave  imaging.  The  effect  of 
thinning  is  to  Increase  the  sidelobe  level  of  the  array. 

What  is  the  problem? 

Due  to  drastic  chinning  of  the  array,  high  peak  sidelobes  emerge  in  the 
array  factor.  Since  an  image  consists  of  the  sum  of  the  mainbeam  response  and 
the  aldelobe  response  of  targets,  if  the  mainbeam  response  of  a  small  target 
is  smaller  than  the  sidelobe  response  of  a  strong  target,  the  small  target  is 
not  distinguishable.  We  use  the  output  of  a  random  chinned  array  for  a  test 
scene  to  illustrate  this  point.  The  characteristics  of  the  array  and  the  tar¬ 
get  scene  are: 

Array  aperture  size  m  1000  X:  resolution  1  mr . 

Number  of  elements  ■  45:  average  sidelobe  level,  -17  dB;  peak  sidelobe 

level,  -7  to  -10  dB. 

(Table  continued) 
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Scene  (4  scatterers): 

ak 

Direction  (e^) 

* 

Magnitude 

■”  \ 
Phase 

1.5  mr 

0  dB 

-6° 

4.3 

-3 

160° 

8.0 

-12 

35* 

12.4 

-38 

45° 

The  image  of  the  scene  chained  via  the  45-element  array  is  shown  in  Figure  8.3. 


V  V 


*  s' 


If  we  estimate  the  locations  of  the  targets  on  the  basis  of  the  strength  of  the 
output,  the  third  and  fourth  targets  will  be  incorrectly  located.  Since  the 
fourth  target  is  well  below  the  average  eidelobe  level,  we  do  not  expect  to  be 
able  to  observe  it.  The  third  is  higher  than  the  average  sidelobe  level,  but 
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is  below  the  peak  sidelobe  level.  We  wish  to  observe  it.  Increasing  the  num¬ 
ber  of  elements  will  reduce  the  sidelobe  level  of  the  array  factor  and  permit 
observation  of  the  third  target  (Figure  3.4).  But  increasing  the  number  of 
elements  means  increasing  the  cost  of  the  array.  The  object  of  this  work  is 
to  image  a  wide  dynamic  range  scene  with  relatively  few  elements. 

How  to  solve  the  problem 

An  image  consists  of  the  sum  of  the  mainbeam  response  and  sidelobe  response 
of  the  targets.  It  is  the  sidelobe  response  of  a  strong  target  that  causes  the 
difficulty  in  observing  a  small  target.  If  we  are  able  to  estimate  the  para¬ 
meters  of  the  strongest  target,  the  response  coming  from  that  target  can  be 
eliminated.  We  can  either  subtract  an  estimate  of  the  array  response  to  the 
large  target  from  the  original  array  output,  or  we  can  scan  the  mainbeam 
across  the  scene  while  maintaining  a  null  in  the  estimated  direction  of  the 
. —  ge  target.  Either  approach  provides  a  second  image  in  which  the  sidelobe 
response  of  the  strongest  target  is  reduced.  Consequently,  we  would  expect 
the  second  strongest  target  to  be  prominent.  By  applying  thi;  target  elimina¬ 
tion  technique  repeatedly,  we  are  able  to  determine  the  target  information 
sequentially. 

The  first .method,  which  does  target  subtraction,  i9  called  the  clean  tech¬ 
nique  and  is  being  developed  by  Jenho  Tsao.  The  second  method,  which  fixes  a 
null  in  the  estimated  target  direction  while  scanning  the  mainbeam  across  the 
scene,  we  refer  to  as  the  nulling  technique;  it  was  conceived  by  De  Yuan  Ho. 

We  have  extended  hia  work  and  are  developing  a  theoretical  analysis  for  the 
technique.  The  sequential  nulling  technique,  which  is  the  main  theme  of  the 
proposal,  is  Introduced  in  the  following  section. 

THE  SEQUENTIAL  NULLING  TECHNIQUE 

First,  the  direction  of  the  peak  of  the  conventional  array  output  is  de¬ 
termined.  It  becomes  the  first  (strongest)  estimated  target  direction.  In 
the  second  scan,  a  null  is  fixed  in  that  estimated  strong-target  direction 
while  scanning  the  mainbeam  cross  the  scene.  The  algorithm  which  establishes 
a  null  in  the  estimated  target  direction  and  a  mainbeam  in  the  scanning  direc¬ 
tion  is  described  in  (2]  and  (12).  The  second-s'.rongest  target  direction  is 
determined  from  the  second  scan.  In  the  third  scan,  two  nulls  are  fixed,  in 
the  direction  of  the  two  largest  targets.  By  performing  the  nulling  technique 
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repeatedly,  a  sequence  of  estimated  target  directions  is  determined.  The 
technique  stops  when  the  array  output  (the  total  energy  in  the  remaining  im¬ 
age)  is  sufficiently  small  to  indicate  that  all  targets  have  been  nulled.  We 
note  that  at  each  step  where  we  estimate  a  target  direction  by  finding  the 
peak  of  Che  output  scan,  we  also  obtain  an  estimate  of  the  magnitude  ?nd  phase 
of  the  target  by  taking  the  magnitude  and  phase  of  the  output  scan  in  that 
direction.  The  technique  is  summarized  in  the  following  flow  chart.  Figure  8.5. 


FIGURE  8.5  FLOW  CHART  OF  THE  SEQUENTIAL  NULLING  ALGORITHM 


Simulation  Results 
(a)  Ideal  case 

Assume  that  there  is  essentially  no  noise  in  the  received  signals  ' 
and  that  the  element  positions  are  known  exactly  (SNR  *  40  dB,  o ^  -  0, 

*  0).  The  resulting  estimates  of  the  target  parameters  are: 


Direction  (mr)  Magnitude  (dB)  Phase 

1.44  0  -8.31° 

4.28  -1.5  160.34* 

8.06  -9.8  35.33* 

-.05  -25.0  6.94* 


The  directions  and  phases  of  the  first  three  taints  are  accurately  determined. 
The  errors  in  estimated  target  directions  are  less  than  1/20  beamwidth.  By 
comparison  with  the  true  scene  data  (preceding  Figure  8.3)  we  see  that  the 
fourth  target  estimate  ia  incorrect  because  the  summation  of  leakages  through 
the  nulls  is  Larger  than  the  strength  of  the  fourth  target. 
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(b)  Realistic  Cases 


In  this  portion  of  the  simulation,  the  effect  of  noise  and  the  effect  of 
element  position  error  on  the  nulling  technique  are  examined.  With  noise  in 
the  received  signals,  but  no  element  position  error  (c^  ■  0,  “  0) ,  the  re¬ 

sults  are: 


SNR  -  10  dB 

SNR  -  0 

dB 

True  Scene 

Estimated  \ 

1.44 

1.46 

1.5 

Target 

)  4.25 

4.27 

4.3 

Directions^ 

(mr) 

.  8.02 

12.32 

8.0 

1 

1  12.32 

7.85 

12.4 

The  nulling  technique  appears 

to  tolerate  noise 

well.  The  theoretical  basis 

for  chis  noise 

performance  is 

given  later. 

It 

is  worthwhile  to  point  out  that 

the  nulling  technique  has  self -correcting  capability.  In  the  SNR  »  0  dB  exam¬ 
ple,  the  technique  missed  the  third  strongest  target  at  the  third  scan,  but 
found  it  in  the  fourth  scan.  A  technique  for  differentiating  between  the  false 
and  true  targets  has  been  developed  by  De  Yuan  Ho.  With  element  position  un¬ 
certainties  but  essentially  no  noise  (SNR  »  40  dB),  the  results  are: 

10A ,  c. 


Ax 


o 


a.  ■  0,  a . 
Ax  Ay 


1 

!  1.55 

-.3 

Estimated 

1  4.30 

lb.  55 

Target  <( 

Directions 

)  7.98 

3.68 

(mr)  j 

’  .60 

14.25 

It  is  apparent  that  the  basic  nulling  technique  can  tolerate  serious  element 
position  error  in  the  direction  perpendicular  to  the  beam  but  cannot  toler¬ 
ate  significant  element  position  error  in  the  direction  along  the  beam.  This 
phenomenon  results  from  the  fact  that  a  position  error  in  the  direction  along 
the  beam  causes  much  more  phase  error  than  does  an  identical  position  error  in 
the  direction  perpendicular  to  the  beam. 
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It  is  well  known  that  in  the  absence  of  null  control,  the  adaptive  beacon 
forming  and  scanning  process  can  compensate  for  the  phase  error  caused  by  posi¬ 
tion  error  in  the  direction  along  the  beam.  We  have  implemented  adaotive  beacon 
forming  and  scanning  together  with  the  nulling  technique.  In  the  flow  chart  of 
Figure  3.5  the  conventional  scan  is  preceded  by  adaptive  beacon  forming.  Then 
the  scanning  with  nulls  becomes  somewhat  more  complicated.  The  results  of  a 
simulation  of  this  implementation  are  shown  below.  This  simulation  uses  essen¬ 
tially  no  noise  (SNR  ■  40dB)  but  Includes  serious  element  position  error  in  the 
beam  direction. 


Estimated 

Target 

Direction 

(mr) 


Ax 


0 ,  c 


10X 


1.44 

4.28 

8.06 

-0.05 


Initial  theoretical  observations  concerning  the  adaptive  beacon  forming  and 


scanning  process  in  the  nulling  context  are  given  in  the  next  section.  We  con 


elude  this  section  with  the  following  observations: 


(1)  The  nulling  technique  can  detect  targets  below  the  average  sidelobe 
level  in  the  presence  of  noise.  From  the  simulation  results  we  found  that  the 
nulling  technique  detected  the  third  strongest  target  with  strength  -12  dB, 
which  is  below  the  expected  peak  sidelobe  level  (-10  to  -7  dB),  but  above  the 
average  sidelobe  level  (-17  dB).  We  ran  another  simulation  in  which  the  third 
target  had  strength  -20  dB.  It  was  correctly  estimated  with  the  same  array 
with  signal-to-noise  ratio  7  dB.  The  nulling  technique,  therefore,  appears 
able  to  image  a  wide  dynamic  range  scene  with  relatively  few  elements. 

(2)  The  technique  has  good  noise  tolerance. 

(3)  The  technique  has  good  element  position  tolerance  (with  ABF) ? 

(4)  Although  the  technique  processes  (and  nulls)  only  target  directions, 
the  target  magnitudes  and  phases  are  obtained  as  well. 

(5)  The  technique  has  self-correcting  capability. 

*ABF  *  Adaptive  3eam-Forming 
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THEORETICAL  CONSIDERATIONS 

We  have  f - en  Che  effects  of  noise  and  element  position  errors  on  the  suc- 
cess  of  the  nulling  technique.  Initial  theories  for  these  effects  are  present¬ 
ed  later  in  this  section.  Even  in  the  absence  of  noise  and  element  position 
error,  the  accuracy  of  the  nulling  technique  is  affected  by  ocher  system  limi¬ 
tations.  We  examine  them  in  detail  in  the  following.  Lastly,  since  we  have 
assumed  that  the  scene  consists  of  a  collection  of  discrete  targets,  the  im¬ 
pact  of  the  various  target  distributions  on  the  applicability  of  the  nulling 
technique  is  discussed. 

Array  output  asymmetry  and  ma Inbeam  imperfection 

In  the  initial  scan,  the  unconstrained  rad.lacion  pattern  is  used.  In  the 
absence  of  element  noise  and  element  position  error,  the  mainbeam  of  the  uncon¬ 
strained  radiation  pattern  is  synmetrical  about  the  pointing  direction,  the 
magnitude  in  the  pointing  direction  is  maximal  (equal  to  1),  and  the  phase  in 
that  direction  is  zero.  Such  a  mainbeam  is  able  to  find  a  lone  target  exactly. 
However,  there  are  sidelobe  responses  from  the  otuer  targets  while  the  main- 
beam  is  scanning.  The  sidelobe  response  is  added  to  the  mainbeam  response, 
resulting  in  error  in  target  direction  estimation.  Therefore,  in  the  absence 
of  element  noise  and  element  position  error,  the  error  in  the  first  scan  (the 
error  In  the  first  target  estimate)  is  due  entirely  to  array  output  asymnetry 
caused  by  sidelobe  response. 

In  Che  second  scan,  a  null  is  fixed  in  the  estimated  target  direction  as 
the  mainbeam  scans.  Since  there  is  a  slight  difference  between  the  true  tar¬ 
get  direction  and  the  estimated  target  direction,  leakage  through  the  null  re¬ 
sults.  This  leakage  is  added  to  the  mainbeam  response  of  the  second  strongest 
target.  Thus,  the  array  output  asymmetry  in  the  second  scan  is  caused  by  a 
combination  of  the  sidelobe  response  and  the  null  leakage.  In  the  absence  of 
element  noise  and  element  position  error,  there  is  a  third  source  of  error  in 
the  second  scan,  namely,  asynsnetry  of  the  mainbeam  about  the  pointing  direc¬ 
tion.  The  null-constrained  radiation  pattern  is  formed  by  summing  several 
weighted  unconstrained  radiation  patterns,  shifted  to  the  null  directions. 
Because  of  the  different  weights  and  (probably)  asymmetrical  null  positions 
with  respect  to  the  pointing  direction  of  the  mainbeam,  the  mainbeam  of  the 
constrained  radiation  pattern  will  be  asymmetrical  about  the  desired  pointing  ■ 
direction.  This  phenomenon  is  pronounced  when  the  main  beam  pointing  direction 
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is  moved  within  one  beanwidth  of  a  null.  Figure  8.6  illustrates  this  phenomenon. 


FIGURE  8*6  NULL-CONSTRAINED  ARRAY  PATTERNS.  (Solid  arrows  denote  pointing  direc¬ 
tions;  dashed  arrows  denote  fixed  null  directions.  Coordinate  units 
are  the  same  for  all  three  patterns.) 
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In  the  figure  the  nulls  remain  fixed  buc  the  desired  pointing  directions  are 
moved.  Note  that  the  magnitudes  in  the  respective  desired  pointing  directions 
are  unity,  but  the  maxima  do  not  occur  in  those  directions. 

For  the  subsequent  scans,  the  error  phenomena  are  essentially  the  same, 
but  the  accumulation  of  null  leakages  can  increase  to  the  point  that  the  prob¬ 
ability  of  false  target  estimation  becomes  high  for  scenes  with  high  dynamic 
range.  Of  course,  the  true  targets  may  still  be  detected  on  subsequent  scans. 
The  number  of  nulls  also  has  an  effect  on  the  constrained  radiation  pattern. 
Thia  can  be  seen  from  Figure  8.7.  When  the  number  of  degrees  of  freedom  (number 
of  elements  minus  number  of  nulls)  decreases,  we  have  less  control  over  the 
shape  of  the  constrained  radiation  pattern. 


FIGURE  8.7  NULL-CONSTRAINED  RADIATION  PATTERNS 
(Coordinate  units  are  the  same  as 
those  on  Figure  8.6.) 
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Noise  Properties 

It  is  shown  in  [3]  that  conventional  coherent  spatial  signal  processing 
with  an  N-element  array  will  improve  the  signal-to-noise  ratio  of  the  indivi¬ 
dual  received  signals  by  a  factor  of  N.  A  single  target  is  assumed  in  the 
derivation.  It  is  stated  in  [8]  that  if  the  array  output  SNR  is  below  about  5  dB 
when  the  beam  is  pointed  at  the  weaker  source,  then  the  weak  source  cannot  be 
detected.  These  two  theories  should  apply,  almost  unchanged,  to  our  nulling 
technique.  We  expect  to  be  able  to  show  that  the  SNR  gain  of  the  null-con¬ 
strained  array  equals  the  number  of  degrees  of  freedom  N-il,  where  M  is  the 
number  of  constrained  nulls.  The  ability  to  observe  a  weak  target  depends 
on  the  SNR  of  that  weak  source.  Assuming  that  we  are  able  to  null  the  strong¬ 
er  targets  perfectly,  the  following  rule  can  be  used  to  predict  the  capability 
of  the  nulling  technique  to  find  the  weak  target: 

Array  SNR  (weak  target) 

-  10  Log(N-M)  +  SNF.(element)  -  Dynamic  Range  (of  weak  target)  >  -  5  dB 

Array  Relative  to 

Gain  strongest 

target 

In  the  earlier  simulation  results,  we  are  able  to  observe  the  third  target, 
whose  amplitude  is  12  dB  below  the  strongest  target,  by  using  the  45-element 
array  and  3  nulla  (10  log (45-3)  *  16  dB)  with  a  0  dB  element  signal-to-noise 
ratio  (relative  to  the  strongest  target).  The  left-hand  side  of  the  inequality 
is  16  +  0  -  12  *  4,  which  essentially  satisfies  the  criterion  for  observation 

of  the  weak  target.  We  tried  unsuccessfully  to  resolve  the  third  target  after 

reducing  its  amplitude  to  20  dB  below  the  strongest  target  with  the  same  array 
under  the  same  SNR.  This  result  agrees  with  the  criterion  since  the  left-hand 
aide  equals  16  +  0  -  20  ■  -4,  which  is  significantly  smaller  than  5.  After  we 

increased  the  SNR  to  7  dB,  we  were  able  to  resolve  the  third  (-20  dB)  target. 

In  this  case,  the  left-hand  9ide  equaled  16+7  -  20  *  3,  which  is  close  to  5. 
Therefore,  the  detectability  criterion  appears  to  reliably  predict  the  capabil¬ 
ity  of  the  nulling  technique.  We  will  develop  the  theoretical  noise  properties 
for  a  null-controlled  radiation  pattern  r.o  see  if  the  form  used  above  is  correct. 

Element  Position  Error 

It  has  been  shown  in  the  simulation  that  the  adaptive  beacon  forming  and 
scanning  proems  compensates  for  phase  error  caused  by  element  position  error 
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in  both  the  bean  and  crosa-beam  directions,  even  if  the  radiation  pattern  is 
null-constrained.  We  show  mathematically  how  the  ABF  process  is  carried  out 
and  how  it  reduces  the  effects  of  position  errors. 

Assuaing  a  single  target  with  complex  amplitude  a^  at  6^,  the  image  pro¬ 
duced  by  the  conventional  scanning  process  is 

.  N  j  y  x  sine  -j  y  x  ainO 
■(9)  *  jj  1  e  (a-  a  ) 

n-1 

The  term  in  parenthesis  is  the  signal  received  at  the  n^  element,  and  the  pre— 
2n 


multiplier  e 


j  y  xnsine 


is  the  weight  for  beacon  forming  at  angle  0.  Since  the 

2tt  * 

J  -r—  x  sine 
a  n 


element  position  is  not  known  exactly,  the  calculated  weighc  becomes  e 
where  is  the  estimated  element  position.  The  above  expression  becomes 


i(e,  -  if. 

n-1 

i  N 

-  a  I  y 

T  N 

n-1 


j  f  ka sine 


(aT 


.  2ir  .  . 
-JTxnsin6 


J  y  xn(sin0-sln0  )  j  y  Axnain0 
e  •  e 


The  phase  error  y  dx  sine  occurs  as  a  result  of  the  element  position  error. 

The  effect  of  phase  error  on  the  array  output  is  treated  in  Chapter  13  of  [9], 
We  show  in  the  following  how  the  effect  of  position  error  can  be  reduced  by 
implementing  the  ABF  process. 

Assume  a  strong  reflector  (beacon)  can  be  made  available  at  angle  eb  in 
the  vicinity  of  the  single  targat.  The  image  is  then 


2  n 


,  ,  N  J  y  x  s  in© 

;(e>  ■;  I  •  x  * 

n-1 


(aT 


.  2ir  .  . 
-J  y  xnsin0T 


-  j  y  X  ainfl. 

.  J  A  n  bv 

+  s  8  > 


Since  the  complex  amplitude  a.  of  the  beacon  is  large  compared  to  a_,  we  can 

ignore  the  target  signal  and  measure  a.  and  -r-  x  sin0.  accurately  at  each  ele- 

D  A  n  D 

ment.  Therefore,  we  can  form  a  mainbeam  at  0,  adaptively  without  using  the 

D 

element  position.  The  image  function  can  be  rewritten  in  the  form 

2w  ,  .  2v 


1  N  Jyx  (sine-sine.)  J  y  x  sine 

i(e>  ■  I.  1  "  b  •  •  X  "  ' 

n-1 


(aT  e  +  ab  e  ' 
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The  second  factor  on  the  right-hand  side  (RHS)  is  the  phase  adjustment  neces¬ 
sary  to  beamform  at  the  beacon;  these  phases  are  direct  measurements  of  the 
A£F  signal  at  each  element.  The  first  factor  on  the  RKS  is  the  phase  adjust¬ 
ment  required  to  scan  the  beam  from  9,  r.o  6.  Computation  of  this  phase  adjust- 

o 

menc  requires  estimates  of  the  element  positions  and  beacon  direction.  Since 
Che  element  positions  are  not  known  exactly,  the  scanning  weight  is  obtained 
by  using  the  estimated  element  position,  x^. 

We  turn  off  the  beacon  while  scanning  the  beam  from  6^  to  6  to  obtain 


s(9) 


1  r  J  T  Xn(9lne~sinV  jTVin0b  , 

N  ,  *  *  e  ( 

n«l 

i  N 

*t$  l 


-  >  T  Vln9T, 

aT  e  ) 


N 

l 

n«*l 


j  x  (sin9-sin0_)  j  ~  Ax  (sin0-sin6.  ) 
An  i  a  n  d 

e  •  e 


2* 


The  phase  error,  after  ABF  and  scanning,  becomes  — -  Ax  (sin0-sin0,  ) .  Since  9, 

a  n  o  o 

is  in  the  neighborhood  of  the  target  region,  this  error  is  greatly  reduced  as 
compared  with  the  error  Ax^infl  which  occurs  without  ABF. 

Similar  logic  applies  to  the  image  obtained  via  the  null-constrained  ra¬ 
diation  pattern.  The  image  obtained  with  a  null-constrained  radiation  pattern 
for  a  single  target  is 

.  N  J  x  sin0  M  J  —•  x  sin9  -  j  ^  x  sin6_ 

9(0  >  “  N  VVl  *  +  I  ' B»  e  >  (aT  *  } 

n-1  m«l 

where  §].*  &2‘  '  '  ’®M  are  th®  desired  null  directions  and  9  is  the  scanning  dir¬ 
ection  (mainbeam  pointing  direction).  B^,  B2>  RM+1  are  the  complex 

weights  required  to  place  nulls  in  directions  9^,  9, ,  • ..0M  and  the  unit  gain 
(essentially  the  mainbeam)  in  direction  6.  An  algorithm  for  calculating  the 
(B  )  is  given  in  [12].  Each  B  is  a  function  of  {9  },  9,  and  (x  }.  B  must  be 

TD  A  And 

updated  for  each  scanning  angle  0  even  though  the  null  directions  {0m}  and 

element  positions  (x^)  do  not  change  during  the  scan.  If  the  number  of  ele¬ 
ments  la  such  greater  chan  the  number  of  nulla,  B  ^  is  approximately  equal  to 
1;  it  is  always  real.  |B  |  Is  approximately  the  sldelobe  level  of  the  array. 

We  uae  B  to  indicate  that  these  weights  are  calculated  by  using  Che  estimated 
tn 

element  positions  (xn).  When  the  element  positions  are  not  known  exactly, 
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,  N  j  ~  x  sin0  M  j  rp  x  sin9  "J  p  x  s±n0_ 

s(6)  K  ^<BM+1  6  +  I  Bm  6  )(aT  6  ) 

n-1  m-1 

m+i  .  ,1  “  irV*"*,. 

•  »T  I  «m  '  <N  i.e  •  e  1 


n-1 


2tt 


w, ,  -  8.  The  exponent  -p  Ax  sin0  in  the  last  factor  Is  the 
M+l  a  n  in 


m-1 

where  we  let  0 
phase  error. 

If  we  have  a  strong  reflector  in  direction  0^,  we  can  beamform  adaptively 

at  0  and  then  scan  to  0 .  The  array  output  becomes 

b 

1  N  .  J  x  (sine-sine.  )  H  _  J  x  (sine  -sine.) 

»<9>  *if  l, [Vie  +  l  B»4  1 

n-1  m-1 


-  J  T  xn8in9b  ,  -  j  ¥  xn8in9T, 

e  •  (aT  e  ) 


The  first  factor  (in  square  brackets)  is  the  scanning  weight  for  each  element. 
The  weights  are  calculated  from  the  estimated  element  positions  {x^},  the  de¬ 
sired  null  directions  {8  },  and  {B  ).  The  second  factor  is  the  phase  shift 

m  m 

that  is  required  to  beamform  at  the  beacon.  This  quantity  is  measured  direct¬ 
ly  in  the  ABF  process.  It  can  be  accurately  measured  if  the  beacon  is  a  good 
phase  synchronizing  source.  The  last  term  is  the  received  signal.  After 

A  A 

manipulation,  again  letting  *0,  s(0)  becowes 


s(0) 


M+l 

»T  I  B 

m-1 


i  N 

.  ‘s-  I  • 

n-1 


j  ly  xn(sin0B-sin0T) 


J  AX  (sine  —Sine. ) 

■*  x  n  m  0  •% 
e  J 


After  ABF  and  scanning,  the  phase  error  is  p  fix  (sin0  -sine. ) »  which  is  great- 

ah  m  o 

2  TT  * 

ly  reduced  as  compared  with  the  previous  phase  error  —  AXnsinem.  Since  0^  is 
in  the  vicinity  of  the  target,  (sine^-sin©^)  is  a  very  small  quantity;  it  re¬ 
duces  the  effect  of  element  position  error  Axr,  The  formulation  easily  ex¬ 
tends  to  two-  or  three-dimensional  arrays  by  carrying  the  yn  and  terras. 

The  ABF  process  also  reduces  the  effect  of  element  position  errors  Ay^  and  Azn# 
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Target  Model 

We  have  assumed  that  a  scene  is  a  collection  of  discrete  targets.  If 
two  targets  are  closer  together  chan  one  beamvidth  of  the  array  radiation  pat¬ 
tern,  the  array  output  will  have  only  one  peak.  If  we  put  a  null  in  chat 
peak  direction,  the  null  leakage  will  be  large.  Therefore,  we  may  need  ro 
use  a  null  sector  instead  of  a  point  null.  The  feasibility  of  using  a  null 
sector  is  under  investigation. 


RESEARCH  PLAN 

I,  Theoretical  Analysis.  Determine  the  theoretical  limitations  to  tar¬ 
get  decectability  and  accuracy  via  the  nulling  technique  caused  by: 

1.  The  array  output  asymmetry  owing  to  the  sidelobe  response. 

2.  The  null  leakage  owing  to  errors  in  target  direction  estimation. 

3.  Malnbeam  imperfection  in  the  null-constrained  radiation  pattern. 

4.  Noise. 

5.  Element  position  errors  (assuming  use  of  adaptive  beacon  forming 
and  scanning  of  the  null-constrained  radiation  pattern). 

II.  Practical  Evaluation 

1.  Evaluate  the  processing  requirements  for  practical  implementation 
of  the  nulling  technique. 

2.  Test  the  technique  on  real  data  from  the  Valley  Forge  Research 
Center. 

III.  Algorithm  Development.  To  the  extent  possible  within  time  limita¬ 
tions,  attempt  co: 

1.  Incorporate  into  the  algorithm  De  Yuan  Ho's  technique  for  differ¬ 
entiating  crue  targets  from  false  targets. 

2.  Determine  the  feasibility  of  prescribing  a  null  sector  in  order 
to  null  two  targets  which  are  closer  together  than  one  beamvidth. 

Lih-Tyng  Hwang 

REFERENCES 

[1]  R.  E.  Collin  and  F.  J.  Zucker,  Antenna  Theory,  Part  I  and  II,  McGraw- 
Hill,  New  York,  1969. 

[2]  M.  DonVito,  "Methods  of  Sidelobe  Clutter  Reduction,"  Master's  Thesis, 

The  Moore  School,  University  of  Pennsylvania,  1977. 

[3]  T.  A.  Dzekov,  '71icrowave  Holographic  Imaging  of  Aircraft  with  Spaceborne 
Illumination  Source,"  Ph.D.  Dissertation,  The  Moore  School,  University 
of  Pennsylvania,  1976. 

[4]  J.  Freedman,  "Resolution  in  Radar  Systems,"  Proc,  IRE,  39,  813-818,  1951. 

[5]  D.  L.  Margerura,  :Self-Phased  Arrays,"  Chap.  5  of  Microwave  Scanning  Anten¬ 
nas  .  Voi.  3,  R.  C.  Hansen,  Ed.,  Academic  Press,  1966. 

(Continued ) 


QPR  No.  42 
G-16 


REFERENCES  (Continued) 


[6] 

17] 

[8] 

[9] 

(10) 
til] 
[12] 

[13] 

[14] 

[15] 

[16] 


j.  c.  Lin  and  0.  E.  N.  Davies,  "Synthesis  o £  a  Single  Null  Response  in 
an  Otherwise  Omnidirectional  Pattern  Using  a  Circular  Array,"  Proc.  IEEE, 
122  (4),  349-352,  1975. 

R.  Mitchell,  ’’Models  of  Extended  Targets  and  Their  Coherent  Radar  Images," 
Proc.  IEEE, 62.  754-758,  1974. 

B.  D.  Steinberg,  "The  Effects  of  Relative  Source  Strength  and  Signal-to- 
Noise  Ratio  on  Angular  Resolution  of  Antennas,"  Proc.  IEEE,  62,  758-762, 
1974. 

B.  D.  Steinberg,  Principles  of  Aperture  and  Array  System  Design.  John 
Wiley,  New  York,  1976. 

B.  D.  Steinberg  and  D.  Y.  Ho,  "Image  Feedback  Control  of  a  Self -Cohering 
Random  Antenna  Array,"  VFRC  QPR  No.  23,  p.  84,  15  Nov.  1977. 

B.  D.  Steinberg  and  D.  Y.  Ho,  "Adaptive  Learning  System  for  the  Radio 
Camera,"  VFRC  QPR  No.  27,  58-64,  15  Nov.  1978. 

B.  D.  Steinberg  and  D.  Y.  Ho,  "A  Sidelobe  Suppression  Technique  for  the 
Radio  Camera,"  VFRC  QPR  No.  29,  76-84,  15  May  1979. 

B.  D.  Steinberg,  "Radar  Imaging  from  a  Distorted  Array:  The  Radio  Camera 
Algorithm  and  Experiments,"  IEEE  Trans.  Antennas  Propagat..  Vol.  AP-29, 
740-748,  Sept.  1981. 

H.  Steyskal,  "Synthesis  of  Antenna  Patterns  with  Prescribed  Nulls,"  IEEE 
Trans.  Antennas  Propagat.,  Vol.  AP-30,  273-279,  1982, 

S.  H.  Taheri  and  B.  D.  Ste'nberg,  "Tolerances  in  Self -Cohering  Antenna 
Arrays  of  Arbitrary  Geometry,"  IEEE  Trans.  Antennas  Propagat.,  Vol.  AP-24, 
733-739,  1976. 


W.  M.  Waters,  "Adaptive  Radar  Beacon  Forming,"  IEEE  Trans.  Aeroa,  Elect. 
Syst..  Vol.  AES-6,  503-513,  1970. 


QPR  No.  42 
G-17 


7.  A  NULLING  TECHNIQUE  FOR  MICROWAVE  IMAGING  WITH  A  RANDOM  THINNED  ARRAY* 

C.  Nelson  Corny  Lih-tyng  Hwang 

INTRODUCTION 

Reference  (1)  introduced  a  sequential  nulling  technique  for  microwave 
with  a  random  thinned  array.  The  direction  of  the  peak  of  the  conven¬ 
tional  scanned  array  output  is  used  as  an  estimate  of  the  first  (strongest) 
target  directim.  The  target  scene  is  then  scanned  a  second  time  (perhaps  by 
merely  reprocessing  the  same  recaived  data  used  in  the  first  scan)  while 
maintaining  a  null  in  the  estimated  direction  of  the  first  target,  thereby 
locating  the  second-strongest  target.  The  process  is  repeated  until  all  tar¬ 
gets  are  located  or  the  noise/artifact  level  is  reached. 

Reference  (1)  describes  the  sources  of  error  which  corrupt  the  sequential 
imaging  process.  The  first  source  of  error  is  the  error  in  estimated  direction 
of  the  first  target  owing  to  the  side lobe  response  from  other  targets.  Thi« 
article  derives  an  estimate  of  that  directional  error.  It  la  shown  that  this 
error  can  be  expected  to  be  in  the  order  of  0.05  beamwidths  for  most  scenes. 


Direction  Estimation  Error  in  the  First  Scan 

The  power  output  of  an  array  for  a  scene  consisting  of  K  point  targets  is  • 
K  R 

P(u)  -  {  l  a,f(u-u.)H  l  a,  f  (u-u,  )  }*  (1) 

k-1  *  k-1  * 

where  u  ■  sine,  0  is  the  angular  direction  relative  to  broadside,  a^  is  the 
complex  strength  of  kth  target,  u^  is  direction  of  the  kth  target,  and  f(u)  is 
the  unconstrained  radiation  pattern.  The  first  target  direction  estimate 
is  the  central  peak  of  the  array  power  output.  That  is, 


P'(u) 


u-u. 


0 


(2) 


The  difference  Au^  -  u^-u^  1*  Che  estimation  error.  Assuming  u^  is  close 
to  u^,  Au^  can  be  explicitly  expressed  through  the  following  linear  approxima¬ 
tion: 


1  u-u. 


-  P' 


'u-u. 


ul-ttl 


'  u-u. 


Au, 


or  Au, 


—  I 

P"  I u-u^ 


(3) 
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Computer  simulation*  for  specific,  arrays  demonstrate  that  (3)  is  a  good  approx¬ 
imation  for  values  of  Au^  much  smaller  than  the  beamwldth.  The  results  on  the 
left  oi.  Table  7.1  are  obtained  by  searching  for  the  peak  of  the  array  output. 
Those  on  the  right  are  obtained  by  using  (3).  The  scene  contains  two  targets: 
cue  at  1.5  mr  <0  dB,  -6*  relative  phase),  the  other  at  4.3  nr  (-3  dB,  160*  rela¬ 
tive  phase).  The  array  consists  of  42  identical  elements  randomly  distributed 
over  a  linear  aperture  of  1000  wavelengths.  Thus  the  array  beamwldth  is  1  mr 
with  a  peak  sldelobe  level  of  approximately  -7  dB.  Five  different  sets  of  ran¬ 
dom  element  positions  were  simulated.  The  simulated  and  approximated  values 
of  Au^are  identical  to  within  about  0.01  beamwldth  or  less.  Thus,  we  conclude 
that  (3)  gives  a  good  approximation  to  the  real  estimation  error. 


Trial 

“l 

Au^ (simulated)  Au^ 

(linear  approximation) 

#1 

1.427  mr 

-.073  mr 

-.073  mr 

2 

1.528 

.028 

.041 

3 

1.399 

-.101 

-.093 

4 

1.377 

-.123 

-.122 

5 

1.41 

Ov 

O 

• 

i 

1 

O 

Average 

(*up 

-.072  mr 

-.07  mr 

TABLE  7.1 

DIRECTION  ESTIMATION  ERROR  Au 
TARGET  SCENE 

FOR  A  SPECIFIC  TWO- 

Simplification  of  the  Tvo-Tar$et  Case 

For  an  arbitrary  two-target  scene  (end  small  Au^) ,  the  analytical  estimate 
(3)  can  be  expreaaed 


Auf - 


l*2l  l‘2l  , 

—  N.,  +  ( - )2  N. 

I*il  n  l-il  3 


r  *  — 

1  1  I  _  l 


l«2l  - 
°12  +  >  D2  1 


(4) 


'*1'  1*1* 

Where  a^  is  ths  strength  of  target  k,  k  ■  1,  2,  and  where  we  define 
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W  -W  r*m  n.  m  * 


‘4  «. 


" .  .  '‘w  W  k.'  * 


.  NN  , 

N2  -  j  ll  (x,-x^)sin{~  (xi-xJ)(u1-u2)} 

N  N 

Dj^  ■  l  l  (x1-xj)2cos{Tx:)(u2-u1)  +  (a1-a2)> 
.  N  H 

"i-yl  \  <W* 

JN  ,w 

D2  -  j  II  (xt-xJ)2co«{T  (x^JCu^)} 


and  is  the  phase  of  target  It,  x^  and  Xj  are  random  element  posi’iotis. 

Figure  7.1  shows  the  ideal  array  output  for  two  targets  of  equal  strength, 
one  beamwldth  apart.  The  two  targets  are  not  resolvable  if  they  are  of  equal 
phase.  The  equal  phase  case  is  the  most  difficult  case  for  target  location  or 
separation.  For  two  targets  having  the  same  strength  and  same  phase,  the  sepa¬ 
ration  required  for  resolution  of  the  targets  is  about  1.5  beamwidths  (Figure 
7.2).  This  observation  confirms  the  conclusion  in  [2],  which  states  that  the 
required  separation  for  equal-strength  sources  is  about  1.5  to  2  beamwidths. 
There  is  no  need,  therefore,  to  be  concerned  about  target  estimation  error  Au^ 
for  equal  strength  targets  if  the  target  spacing  is  less  than  2  beamwidths. 


AMUY  OUTPUT  (del 


fi 


FIGURE  7.1  ARRAY  OUTPUTS  FOR  TWO  TARGETS  OF  EQUAL  STRENGTH 
1  Mr  ad  APA'IT,  USING  A  1  Mrad  BEAMWIDTH. 

0  b  ■  a2-a!  “  0;  0)  b  •  90*;(7)  b-180*. 


QPR  No.  43 


2 
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F  "URE  7.2  ARRAY  OUTPUTS  FOR  TWO  TARGETS  OF  EQUAL  STRENGTH, 
SAME  PHASE,  USING  A  I  Mr  ad  BEAMWIDTH. 

$u21  “  u2  "  U1 "  1*0  bv;  ©  ^21  "  1.2  bw; 

U2^  ■  1.5  6v;  •  2.0  bv. 


Typically,  cha  scan*  (target  locations,  phasas  and  strengths)  and  Che  array 
(element  positions)  are  random.  Since  the  number  of  array  elements  is  large 
and  the  elements  are  roughly  uniformly  distributed,  the  array  beam  properties 
closely  approximate  the  expected  properties  of  a  random  array.  According  to 
[3],  the  expected  value  of  the  pover  pattern  of  a  random  array  is  Identical 
with  the  design  power  pattern  (chat  of  a  filled  array  with  the  same  aperture). 
Therefore,  we  replace  each  of  the  quantities  in  (4)  by  its  expected  value  with 
respect  to  array  element  position.  That  is,  we  take  the  ensemble  averages 
over  element  position  x^.  These  expected  values  are: 
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(6)  Continued 
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where  a  -  ^u2"ul^  40,1  b  * 

EtD^)  la  nonrandom.  The  expected  values  of  Che  ocher  terms  depend  upon 
the  tvo-earget  scene  (random  target  spacing  a  and  target  phase  difference  b) . 
For  che  worse  case  of  cwo  targets  wich  equal  ohase  (cos  b  •  1) ,  Figures  7.3 
and  7.4  show  how  che  terms  in  che  numerator  and  che  denominator  vary  with  the 
target  spacing.  In  che  numerator,  E(N  ,)  dominates,  while  in  the  denominator 
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FIGURE  7.3  EXPECTED  VALUES  OF  NORMALIZED  TERMS  IN  THE  NUMERATOR 
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FIGURE  7.4  EXPECTED  VALUES  OF  NORMALIZED  TERMS  IN  THE  DENOMINATOR 
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Etc,}  la  dominant.  Therefore  Au,  can  be  approximated  (for  any  target  phase 
dlf 

by 


difference  and  target  strength  ratio,  and  for  in  the  near  sldelobe  region) 


"»12> 


Au^  :  — 


2*  .  o 
X  1 


l»2l  3 

* >• 


aL  2  aL 
c°*  T  ~  aL  8in  T 
aL 
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cos  b  •  — 


(7) 


where  wa  have  Created  the  denominator  as  a  nonrandom  value.  According  to  the 
above  derivation,  (7)  la  a  good  approximation  to  Au^  If  the  second  target 
strength  is  small  compared  to  the  first  target  strength,  or  If  the  spacing  be¬ 
tween  two  targets  la  larger  than  2  beamvldths. 


Simulation  of  the  Two-Target  Case 

tfe  check  this  conclusion  by  computer  simulation.  The  value  of  Au^  vs  tar¬ 
get  spacing,  uj^  Is  determined  by  simulation  for  5  different  45-element,  1000- 
wavelength  random  arrays,  for  two  different  target  strength  ratios.  Figures  7.5 
and  7.6  compare  the  simulations  (averaged  over  the  5  arrays)  to  the  estimate 
given  by  (7):  (These  figures  are  on  the  following  page,  together  for  comparison). 
It  is  clssr  from  Figures  7.5  and  7.6  that  (7)  la  a  good  approximation  if  the  tar¬ 
get  spacing  is  larger  than  2  beamwidths.  The  approximation  is  even  better  if 
Che  targets  have  unequal  strengths.  Equation  (7)  can  be  used  to  predict  the  Au^ 
for  any  target  pair.  We  concentrate  on  the  worst-case  situation  —  equal-strength, 
equal-phaae  targets,  separated  by  2  beamwidths  — (shown  In  Figure  7.5).  Then 
Aui  <^0.16  beamwidths.  This  number  is  •  bound  on  Che  possible  values  of  Au^  as 
long  as  the  targets  are  not  closer  than  2  beamwidths.  The  rma  of  the  worst-case 
target  pair  of  Figure  7.5,  taken  over  spedngs  u2^  between  2-10  beamwidths,  is 
0.049  beamwidths.  This  number  represents  a  reasonable  estimate  of  Au^  if  the 
target  spacing  Is  not  known.  Computer  simulations  for  a  1000A  array  with  20, 

45,  and  90  elements  for  U2^«2.8,  9.5,  and  10  beamwidths  show  that  Au^  is  accu¬ 
rately  predicted  by  (7)  and  is  not  affected  by  the  number  of  elements  N.  Of 
course,  the  variation  In  Auj_  from  one  realization  to  another  Is  Inversely  pro¬ 
portional  to  /&.  For  N«45  the  variation  in  is  in  the  order  of  0.05  beam- 
widths.  Thus,  for  N  > 100  we  can  Ignore  the  variance  and  expect  (7)  to  give  a 
good  estimate  of  Au^. 


1.5  3.5  5.5  u2,  7.5  as 

FICURE  7.5  Au,  VS  TARGET  SPACING  (NORMALIZED)  FOR  TWO  EQUAL-STRENGTH, 

EQUAL-PHASE  TARGETS.  (SOLID  CURVE  DENOTES  APPROXIMATION  (7); 
X  DENOTES  AVERAGE  OF  SIMULATIONS.) 


FIGURE  7.6  Aux  VS  TARGET  SPACING  (NORMALIZED)  FOR  TWO  EQUAL-PHASE 
TARGETS  (ONE  0  dB,  THE  OTHER  -20  dB) .  SOLID  CURVE  DE¬ 
NOTES  APPROXIMATION  (7);  X  DENOTES  AVERAGE  OF  SIMULATIONS.) 

Multiple  Targets 

The  three-target  version  of  (4)  has  also  been  derived,  and  the  correspond¬ 
ing  curves  equivalent  to  Figures  7.3  and  7.4  computed.  These  curves  demon¬ 
strate  that  for  each  additional  target  an  additional  numerator  term  equivalent 
to  N^  must  be  included  in  (7).  The  denominator  is  still  dominated  by  the 
constant  term  D^.  All  other  terms  can  be  neglected.  This  conclusion  applies 
in  all  cases  except  a  specific  periodic  placement  of  many  identical  targets. 

The  component  of  the  estimation  error  Au^  corresponding  to  each  target 
will  depend  on  the  separation  from  the  first  target  in  the  manner  illustrated 
ir  Figures  7.5  and  7.6.  Thus  the  component  owing  to  the  third  target  may 
either  add  to  or  subtract  from  the  component  owing  to  the  second  target.  In 
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general,  for  M  point  targets  of  equal  strength  and  phase,  random  positioning 
of  the  targets  should  resalt  in  an  rms  value  of  Au^  which  is  r  M-l  times  the 
value  shown  in  (7).  For  most  target  scenes  normal  variation  in  target  strength 
will  lead  to  lover  estimation  errors.  Thus  we  would  expect  0.0S  /M-l  beam- 
widths  to  be  a  conservative  estimate  of  Au^  in  the  oultitarget  case. 

SUMMARY 

We  have  shown  that  the  effect  of  the  sldelobe  response  on  the  direction 
estimation  error  in  the  first  scan  of  the  sequential  nulling  technique  depends 
on  the  number  of  targets,  target  phase  differences,  target  strengths  and  tar¬ 
get  spec Inga,  but  normally  does  not  depend  on  array  element  placement.  A  quan¬ 
titative  expression  for  the  estimation  error  has  been  derived  and  a  practical, 
simplified,  approximate  expression  has  been  obtained.  For  two  equal-strength 
targets  separated  by  more  than  2  beanvidths,  the  worst  possible  estimation 
error  is  0.16  beamvldths,  and  the  rms  (over  target  spacing)  for  che  worst- 
case  target  pair  is  approximately  0.0S  beamvldths.  Additional  targets  of 
equal  strength  (again  the  worst  case) ,  will  causa  a  total  estimation  error 
Au^  of  approximately  0.05  /M-l  beamvidths,  where  M  is  the  number  of  targets. 
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Abttract — Tbc  high  sidelobca  of  raadom.  thinntd  arrays  too  t-t  ftductd 
through  l  bo  um  of  dlvaralty  lorhslqoo*.  E  l<  iron  I  polllu  dlvtrtiij  and 
frequency  diversity  arc  considered  la  Ibis  ptpor.  Imago  artifact  duo  lo 
tbo  high  side  lobes  chan  go  tbcfr  locations  from  imago  10  imago  »h<a  the 
clomoni  petition*  art  altorod  or  tho  operating  frequency  it  changed. 
Superimposing  or  leeraging  Imagca  tcoda  lo  build  up  tiablo,  correct 
portions  of  aa  Image  while  rodoclng ,  by  tmooihlng.  ibo  imago  arlifocu. 
In  principle,  all  tbo  aldclobo  crcali  can  bo  reduced  lo  (ho  average  back¬ 
ground  level  aad  all  (be  irongha  la  the  tide  radiation  pattern  will  rite  to 
tbit  level.  Tho  theory,  supported  by  simulation  eiperlmenu,  Indicates 
that  dual  posit  loo  diversity  reduces  tbc  sidelobe  level  by  2  lo  2  1/2  dB, 
depend  lag  a  poo  array  site.  Higher  order  position  diversity  reduces  (he 
sidelobe  level  several  dB  further.  Under  frequency  diversity  It  It  found 
that  obea  Q ,  the  reciprocal  of  ibe  fractional  bandwidth,  it  less  than  the 
array  tin  U\  (measured  io  units  ef  wavelength),  the  peak  tldelobe  power 
level  It  approkimately  N~ 1  InQ.  where  N  Is  the  number  of  array  elements. 
For  larger  value*  of  0,  lb*  level  asymptotes  approkimately  lo  v  -  1  IntL/X). 

I.  INTRODUCTION 

IVERSITY  techniques  ire  proven  tools  for  enhancement 
of  stable  components  of  signals  or  images  in  a  stochastic 
background.  Required  is  some  parameter  (space,  lime,  frequency, 
polarization,  etc.)  in  which  the  undesired  signal  component 
becomes  decollated  through  variation  of  the  parameter.  Space 
diversity  upon  reception  was  introduced  early  in  HF  radio  com¬ 
munication  to  reduce  the  effect  of  random  signal  fading  (Ij. 
Angle  diversity  has  proven  useful  in  tropospheric  scatter  com¬ 
munication  (2  J .  Frequency  and  polarization  diversity  also  are 
useful  [3|.  Even  the  integration  of  successive  radar  echoes  in 
a  background  of  noise  or  time-varying  clutter  is  a  temporal 
form  of  diversity  |4] .  More  recently.  RF  phase  diversity  has 
been  found  indispensable  in  obtaining  stable  maximum  entropy 
images  (3  ] . 

The  high  sidelobes  of  random,  thinned  arrays  can  be  reduced 
through  the  use  of  diversity  techniques.  Element  position  diver¬ 
sity  and  frequency  diversity  are  examined  in  this  paper.  The  side 
radiation  pattern  of  such  an  array  is  a  random  process  whose 
peak  levels  can  easily  be  10  dB  higher  than  its  average  (6 J ,  [7] . 
The  specific  locations  of  the  high  sidelobes  depend  upon  the 
specific  locations  of  the  antenna  elements  and  ihe  operating 
frequency.  Variation  of  the  element  locations  or  operaung 
frequency  does  not  alter  the  average  sidelobe  level  nor  the  remain¬ 
ing  statistics  of  the  side  radiation  pattern;  it  does,  however,  alter 
'  uhe  tldelobe  locat  ont.  Hence,  Image  artifacts  due  to  high  side¬ 
lobes  In  a  large  imaging  array  will  change  their  locations  from 
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image  to  image  provided  that  the  element  positions  are  altered 
or  the  operating  frequency  is  changed.  The  true  components 
of  the  unage.  those  associated  with  main-lobe  response,  do  not 
change  under  either  diversity  scheme.  Hence,  superimposing  or 
averaging  such  images  tends  to  build  up  stable,  correct  portions 
of  the  image  while  reducing,  by  smoothing,  the  image  artifacts. 

Element  position  diversity  can  be  applied  in  any  array  problem 
in  which  the  antenna  elements  are  on  separate  platforms  or 
vehicles  which  have  independent  motions.  One  example  is  a 
random  field  of  sonobuoys  freely  drifting  in  the  ocean.  The 
geometry  of  the  sonobuoy  field  varies  with  time.  Successive 
images  formed  from  the  outputs  of  such  a  system  at  intervals 
of  time  exceeding  the  correlation  tune  of  the  array  geometry 
will  exhibit  image  artifacts  due  to  the  high  sidelobes  in  different 
locations.  Noncohetently  averaging  such  successive  unages  would 
be  useful.  Another  illustration  is  a  huge  radar  phased  array 
deployed  on  many  ships  in  a  task  force.  The  individual  receiving 
elements  would  be  placed  on  different  ships.  One  ship  would 
carry  the  transmitter. 

Two  separate  questions  are  important  to  a  designer.  The  first 
question  is  how  valuable  is  it  to  change  th^system  design,  which 
always  is  a  costly  process,  from  one  without  diversity  to  one 
which  permits  the  introduction  of  diversity  techniques.  If  the 
answer  to  the  first  question  indicates  sufficient  value  to  alter 
the  system  io  accommodate  diversity,  the  second  question  is 
how  much  diversity  should  be  included. 

This  paper  places  the  subject  on  a  quantitative  basis.  A  theory 
is  derived  for  the  teduction  of  ihe  peak  sidelobe  of  a  thinned, 
random  array  as  a  function  of  the  number  M  of  independent 
rearrangements  of  ,V  antenna  elements,  with  the  individual 
radiation  patterns  averaged  incoherently.  Two  different  theoreti¬ 
cal  techniques  are  used.  First,  because  of  the  knowr  (Rayleigh) 
shape  of  the  probability  density  function  (pdf)  of  random  sam¬ 
ples  of  the  amplitude  of  the  side  radiation  pattern,  the  effect 
of  smoothing  two  such  samples  upon  the  peak  sidelobe  level 
(PSL)  is  calculated.  Next,  it  is  recognized  that  the  pdf  of  the 
average  of  several  independent  variates  tends  cowaid  the  Gaussian 
distribution.  Thus  averaging  or  superimposing  many  images 
changes  the  amplitude  distribution  from  Rayleigh  to  approxi¬ 
mately  Gaussian.  Upward-  and  downward-biased  asimptotic 
suiisticaj  estimators  of  the  peak  are  calculated.  Computer  simula¬ 
tion  experiments  verify  both  parts  of  the  theory. 

Both  coherent  and  noncoherent  combining  of  the  frequency 
components  of  a  wjde-band  source  can  be  used  to  achieve  fre¬ 
quency  diversity.  Coherent  combining  results  when  a  wide 
bandwidth  signal  is  radiated.  In  noncoherent  combining  the  signal 
constituents  are  separately  radiated,  each  producing  its  own 
radiation  pattern  and  the  resulting  power  patterns  ayeraged. 
While  the  behavior  of  the  peak  sidelobe  level  Is  found  to  be 
similar  in  both  cases,  coherent  combining  reduces  the  average 
sideiobe  level  in  the  far  sidelobe  region  as  well. 
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Fig.  1.  Geometry  of  thi  random  »my. 


II.  BASIC  THEORY  OF  RANDOM  ARRAYS 

Consider  the  geometry  shown  in  Fig.  1  where  a  linear  array 
is  formed  by  distributing  / V  isotropic  elements  at  random  over 
the  aperture  length.1 ,3  We  limit  ourselves  here  to  the  case  where 
all  the  elements  have  Identical  monochromatic  excitations. 
Although  generalizations  are  possible,  the  details  become  some¬ 
what  more  involved.  Within  an  unimportant  constant  of  propor¬ 
tionality,  the  resulting  complex  amplitude  of  the  far  field  in  a 
direction  making  an  angle  6  with  broadside  can  be  written  as 

m 

N 

F(6)  =  2  (1) 

<i«i 

where  k  *  2rr/X  is  the  wavenumber  associated  with  the  wave¬ 
length  X  and  a,,  is  the  nth  element  position  which  is  chosen 

according  to  some  probability  density  function  covering  the 
interval  [-L/2.L/2]  where  I  is  the  array  length. 

Defining  u  *■  sin  6,  (1)  can  be  rewritten  as 

n  n  rv 

F(u)  •  2  */**"“  "  2  coi  (**<!“)  +  /  2  lin 

«-i  ««l  «* i 

«a(!i)+/b(u).  (2) 

Note  that  u  is  defined  over  the  interval  [—1,  1],  It  follows  also 
that  |/T-u)|  -  iFfu) |,  Therefore,  it  is  sufficient  to  consider 
the  radiation  pattern  F{u)  only  over  the  Interval  (0, 1  ] . 

The  radiation  pattern  F{u),  as  given  by  (2).  is  a  complex 
random  process.  For  the  special  case  where  element  locations  are 
independent  and  uniformly  distributed1  over  the  interval  [-LI 2. 
LI 2) ,  the  expected  values  of  the  processes  a(u)  and  i(u)  are 

t  Mutual  coupllni  is  excluded.  Realistic  radiators  exhibit  nonUotioplc 
radiation  patterns  which  sta  not  Identical,  and  which  expectance  mutual 
coup  line  between  thameehes  as  weQ  as  to  the  local  environment.  The  ef¬ 
fects  of  these  phenomena  ara  beyond  the  scope  of  the  paper.  The  interested 
reedes  is  referred  to  (7)  for  dlecuasioM  of  these  topics  es  they  pertain  to 
random,  thinned  erraya. 

J  Another  deviation  from  practical  d«i»n  In  this  paper  Is  the  Implicit 
assumption  that  the  antenna  eiemenu  may  be  arbitrary  close  to  each 
other.  As  e  practical  matter,  if  two  randomly  chosen  antenna  locations  are 
spaced  by  leas  than  tha  physical  stie  of  an  antenna  element,  one  of  the 
portions  mty  be  eliminated  end  e  new  one  selected.  Provided  that  the 
antenna  is  very  tarfe  compered  to  element  site,  the  effect  on  the  iiatiittcs 
of  the  proceae  can  be  g.tored. 

3  The  uniform  distribution  is  the  most  common  disulbution  of  element 
positions  of  random  arrays  |7| . 


PI. HI] 

,  tfsin  (nuL/\) 

£{«(«)}  - - 1 - —  =  N  sine  (uLJ\) 

mtL/\ 


E{b{u))  =  0. 


(3) 

(4) 


The  processes  a{u)  and  b(u),  for  a  given  value  of  u,  are  sums 
of  rV  independent,  identically  distributed  random  variables. 
When  N  is  large,  the  central  limit  theorem  justifies  approximating 
a(u)  and  b(u)  as  Gaussian  tandoin  variables.  The  mean  of  a(u), 
as  given  by  (3),  is  approximately  zero  for  u  greater  than  a  few 
bcamwidths  (the  nominal  beamwidth  is  X/Z-).  Furthermore,  for 
imaging  problems  in  which  high  angular  resolution  is  demanded, 
X/Z.  «-t  1 .  Thus  in  most  of  the  sidelobe  region,  the  two  orthogonal 
components  of  F[u)  are  approximately  zero-mean  wide  sense 
stationary  Gaussian  random  processes.  For  a  given  u.  the  magni¬ 
tude  of  F[u)  is  known  to  be  Rayleigh  distributed  [12]  Let  us 
denote  the  magnitude  pattern  at  A(u)  A  |Ffu)|.  The  probability 
density  function  of  A  will  be  given  by  [6] ,  [7] 

p(A)  a  —  exp(—AJ/W)-  (5) 

N 

It  follows  that  the  mean  square  value  A^ .  which  is  the  average 
sidelobe  power  level,  js  N.  The  average  A  -  Hence,  the 

variance  is  o1  —  A1  -  A1  =  A(  I  —  rr/4). 


111.  DUAL  POSITION  DIVERSITY 

Given  two  independent  random  array!  of  the  same  length 
L  and  having  N  eiemenu  each,  the  incoherently  averaged  side 
radiation  pattern  is  A(u)  ■  \I2[Ax(u)  +  A2(u. )]  where  Aj(u) 
and  A2(u)  ire  the  component  magnitude  patterns.  We  define 
the  peak  sidelobe  tolerance  A0  as  that  sidelobe  level  which  will 
not  be  exceeded  in  more  than  some  prespecified  fraction  of 
array  designs.  The  probability  that  a  single  sample  of  the  random 
process  A  (is)  does  not  exceed  A0  is  given  by 

la,  a,  1  f*  o  f*o-yi 
Pr  M  +-1  <A0  -  /  /  p{y\>y-i)dyxdy2 


where  y,  -  A  ,/2,  y2  -  A2I2  and  p{yx ,  y2)  Is  the  Joint  pdf  of 
the  two  random  variables  y}  and  y2 .  Since  the  element  locations 
of  each  array  are  attumed  to  be  chosen  independently,  ^  and 
y2  are  independent  random  variables.  Furthermore,  each  of 
them  it  Rayleigh  distributed  with  mean  tquare  value  of  /Y/4. 
Thut  (6)  becomes 


Equation  (7)  givet  the  probability  that  an  arbitrary  sample 
of  the  averaged  side  radiation  pattern  does  not  exceed  A0.  We 
are  interested  in  calculating  the  probability  that  no  such  sample 
will  exceed  this  level  the  result  of  this  calculation  it  the  con- 
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fidence  level  that  accompanies  the  specification  of  A0,  To  do 
this  we  first  sample,  conceptually,  the  side  pattern  n  times  at 
the  minimum  interval  in  u  that  assures  that  the  samples  are 
independent.  The  probability  is  calculated  that  none  of  the  n 
independent  samples  exceeds  A0.  The  estimate  that  is  obtained 
is  downward  biased  because,  with  unity  probability,  the  largest 
sample  falls  somewhat  below  the  crest  of  the  largest  sidelobe. 
For  n  independent  samples 

0-  [?’t{A<A0)]n  (8) 

is  the  probability  that  none  exceeds  A0.  From  (7)  and  (8)  we  get 

1  +s/2inr,e-'lB*  erf(V2?7)  (9) 

where  B2  “  a\JN.  This  quantity  is  an  estimate  of  the  peak  side- 
lobe  power  level,  at  a  level  of  confidence  0.  normalized  to  the 
number  of  array  elements  M.  Note  that  ,V  no  longer  represents 
the  average  power  level  of  the  resulting  side  radiation  pattern. 
The  average  power  level  has  dropped  to  (ir/8  +  1/2)  S  due  to 
averaging. 

The  number  of  independent  samples  n  of  the  side  radiation 
pattern  for  the  case  of  a  single  random  array  steered  to  broad¬ 
side  Is  given  by  the  array  parameter  n  —  L/>.  (6] ,  (7| .  It  is  dear 
that  this  number  will  remain  the  same  after  the  averaging  of 
two  independent  patterns.  For  given  values  of  L/\  and  0.  (9) 
can  be  solved  numerically  for  B2.  In  most  practical  situations 
where  high  angular  resolution  is  required  ar.d  a  high  confidence 
level  is  specified,  values  of  n  and  0  are  such  that  B2  >  2  (eg., 
for  L[\  -  100  and  0  -  0.9,  Bx  -  4.25).  Thus  erf  (v^)  *  1 
and  (9)  can  be  simplified  to 


which  can  be  solved  numerically  for  B2  . 

A  downward-biased  estimator  for  the  peak-sidelobe  power 
normalized  to  the  number  of  anay  elements  was  derived  in 
[6]  for  the  case  of  a  tingle  array  (without  diversity,  which 
can  be  called  diversity  of  order  one).  That  quantity  was  denoted 
by  B.  Here,  in  the  context  of  diversity,  we  will  Identify  Bt  with 
B.  Thus,  B\  Is  given  by  [6] 

Bt  --lnd-0'/").  (11) 

The  bottom  row  of  Table  I  shows  the  ratio  Bi/B2  in  decibels 
as  a  function  of  array  length  for  a  value  of  the  confidence  level 
0-0  S. 

Table  I  shows  that  an  improvement  of  2-2  J  dB  in  the  peak 
sidelobe  response  due  to  dual  incoherent  element  position  diver¬ 
sity  is  possible.  This  it  quite  significant  since  the  improvement 
In  peak  sidelobe  level  due  to  doubling  the  number  of  elements 
in  a  tingle  array  is  just  3  dB.  A  further  Insight  Into  (10)  can  be 
gained  if  we  use  (11)  to  rewrite  (10)  as 

-  j  fit  +  i  In  v/2r  +  i  InS,.  (12) 

We  note  that  the  term  1/4  In  B j  la  always  the  order  of  0.5.  Thus 
(12)  becomes 

Sj  »}*,  +  !.  (13) 

Equation  (13)  says  that  tha  improvement  due  to  dual  diversity 
asymptotically  approaches  3  dB  at  increases  due  to  an  in¬ 
crease  In  L/X,  0  or  both. 

In  the  following  section  the  theory  is  extended  to  higher  orders 


TABU  I 

IMPROVEMENT  IN  PEAK  SIDELOBE  LEVEL  DUE  TO  DUAL 
Diversity  a  •  0.9) 


l  n 

10 

10J 

to3 

to* 

to5 

•> 

4.36 

6-06 

9.1* 

11.46 

11.76 

»2 

3.01 

4.23  ! 

3.4* 

6.** 

7.86 

io  iqj  txn 

1.8 

2.08  | 

2.24 

2.36 

_ _ 1 

2.44 

1 _ 

of  diversity.  In  the  original  theory  the  peak  sidelobe  levels  J  was 
normalized  to  the  average  sidelobe  power  level,  forming  the 
estimator  B  =  A^/iV  [6] .  Following  diversity  combining  N  is 
no  longer  the  average  sidelobe  power  level  and,  therefore.  B 
loses  some  of  its  physical  significance.  In  the  following  section, 
we  employ  two  new  estimators.  BifSf)  **  0.k/iV  =>  Aj/.V1  is  a 
downward-bused  estimator  for  the  peak  sidelobe  normalized  to 
the  power  of  the  main  beam  (u  =  0).  The  subscript  L  (for  lower) 
indicates  that  the  estimator  is  biased  downward,  while  M  is  the 
order  of  diversity.  5«(.W).  similarly  defined  (H  is  for  higher), 
is  an  upward-biased  estimator.  It  is  seen  below  that  the  estima¬ 
tors  are  very  dose  to  each  other  and  that  the  results  of  simula¬ 
tion  experiments  fall  between  them. 


IV.  HIGHER  ORDER  POSITION  DIVERSITY 

After , If -fold  averaging  of  independent  side  radiation  patterns, 
the  amplitude  distribution  changes  from  Rayleigh  to  approxi¬ 
mately  Gsusssan  (M_>  5).  The  average  values  of  ihe  two  distribu¬ 
tions  are  the  same  [A  -  vW/2).  while  the  vanance  becomes 


,V 

(l-rr/4). 


Hence,  the  resulting  pdf  takes  the  form 


(14) 


1 

PmM)  a  -7= —  exp 
v -rro  .M 


(A  -A)1  1 


.Vf  >  5 


(15) 


where  A  denotes  ihe  Af-fold  averaged  magnitude  of  the  side 
radiation  pattern.  This  is  depicted  in  Fig.  2,  along  with  the  origi¬ 
nal  Rayleigh  distribution. 

We  follow  a  strategy  similar  to  that  developed  in  the  preceding 
section.  We  define  Ao  as  the  peak  sidelobe  tolerance  at  a  certain 
confidence  level. 

Let  a  be  defined  as 


a  -  Pr  [A  >  A 


Pm(‘ 


(a-a>* 


dA 


°ierfC(v2^)  °6) 

Equation  (16)  gives  the  probability  that  on  arbitrary  sample  of 
the  average  side  rtdiation  pattern  exceeds  the  specified  peak 
sidelobe  A0.  The  complement  of  (16),  I  -  ft,  Is  the  probability 
that  such  a  sample  is  less  than  A0  Once  more,  we  sample,  con¬ 
ceptually.  the  side  radiation  pattern  at  the  minimum  interval 


-  c. r.r.  <m  *'«  < 


,  <*.  *'4  »2.  I " «*  «. 
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I  COMPUTER  SRAARtON  EXPERIMENTS 

-  TrtCORC  TlCAL  ESTIMATORS 

•  -  INTERPOLATED  VALUES 


Fig.  2.  Probability  4(11111/  function  before  ( p(A ))  tnd  after  (p,vf</0) 
ivenprtg. 


in  u  for  which  the  samples  are  independent.  For  n  such  samples 

is  the  probability  that  none  exceeds  A0.  Once  more,  for  large  0. 
a  necessary  condition  for  satisfactory  system  design  a  <  1  .which 
implies  that  we  can  use  the  approximate  expression 


erfc  (ar)  a  — ■= 

Xy/lt 

Thus  we  obtain 


for  x  >  1. 


Mo  -A)1 


and  hence 


rb  *]' 


Solving  for  b 

b+  £  ln6-Hn2Ve(l -01'")  (18) 

where  n  remains  I/X.  Equation  (18)  Is  solved  numerically  for  b 
for  given  values  of  0  and  1/X-  From  ( 1 4)  and  ( 1 7) 

MiAl-lUo+A7) 

b  •* - - - 2 - L.  (19) 

2(l-#/4)/V 

Solving  (19)  for  A\l^ 


aI  * 
N1  *Af|.4 


y/*(2  -'*l2)b  (2  -  n/2)b' 


Equation  (20)  is  one  of  the  main  results  of  this  section.  Bi 
is  a  downward-biased  estimator  of  the  peak  sidelobe  to  main 
lobe  power  ratio  as  a  function  of  diversity  order  M . 

In  Appendix  I.  we  calculate  an  asymptotic  upward-biased 
estimator  of  the  peak  sidelobe  to  main  lobe  power  ratio.  The 
calculations  are  based  upon  the  theory  of  level  crossings  of 
random  processes  end  yield  the  second  main  result  of  this  sec¬ 
tion: 


BH(M) 


I  * 
"iV  l  4 


(2-rr/2)b' 


where  b'  is  calculated  differently  (see  Appendix  I). 


Fif.  3  Peak  lldelobe  to  main  lobe  powet  ratio  (A'  *  20.  3  *  0.9.  LeIK  ■ 
10),  asa  function  of  divettily  order  M. 

In  order  to  check  the  validity  of  (10),  (20).  and  (21).  com¬ 
puter  simulation  experiments  were  canir  J  out  in  which  a  set  of 
1000  random  arrays  was  formed  by  generating  independent 
random  numbers  to  represent  element  positions  uniformly 
distributed  throughout  the  aperture  length.  In  order  to  get  a 
fairly  thinned  array,  values  of  A'  <■  20  and  L/X  =  100  were  used. 
Stationarity  was  assumed,  and  side  radiation  patterns  were  cal¬ 
culated  on  a  small  interval  in  u  space.  Since  stationarity  is  in¬ 
creasingly  more  valid  further  from  the  origin,  the  interval  (0.9, 
1.0)  was  chosen.  For  each  value  of/W  e  (1.  10) ,  100  experiments 
were  conducted  in  each  of  which  a  different  group  of  M  magni¬ 
tude  patterns  (computed  in  the  interval  (0.9,  1 ,0|)  were  averaged 
and  the  peak  sidelobe  found.  Empirical  cumulative  distribution 
functions  of  the  peak  sidelobe  level  were  formed  from  each  set 
of  100  data  points.  Points  in  Fig.  3  represent  the  normalized 
level  which  exceeded  the  peak  sidelobe  level  of  90  percent 
(0  =»  0.9)  of  the  experiments  as  a  function  of  AI.  Solid  curves  in 
Fig.  3  represent  theoretical  estimates  given  by  flO),  (20)  and 
(21),  calculated  for  this  value  of  0  *»  0  9.  in  (42),  an  interval 
length  l  **  0.1  waa  assumed,  while  in  (18),  we  took  n  «■  0.1  LfK. 
This  makes  Fig.  3  correspond  to  an  array  of  equivalent  length 
L,  ■  10  X.  We  see  that  all  the  experimental  values  fall  between 
B»  and  BL ,  in  good  agreement  with  the  theories  that  led  to  both 
of  them. 

Fig.  4  shows  Bi  as  a  function  of  diversity  order  M  with  L/\ 
as  a  parameter.  Note  that  these  curves  become  practically  in¬ 
distinguishable  with  large  M,  unlike  the  situation  without  diver¬ 
sity  combining.  This  means  that  with  a  fixed  number  of  array 
elements,  element  position  diversity  permits  thinning  the  aperture 
significantly  by  increasing  array  length  and  thereby  improving  its 
resolving  power,  without  deteriorating  the  peak  sidelobe  response 
appreciably. 

Fig.  5  shows  the  improvement  In  the  peak  sidelobe  level  per 
doubling  of  the  diversity  order  M  for  different  values  of  L/X. 

V.  PRINCIPLES  OF  FREQUENCY  DIVERSITY 

There  is  a  basic  difference  between  frequency  diversity  and 
element  posit'on  diversity  In  the  manners  in  which  they  influence 
the  Images.  In  the  latter  case,  radiation  patterns  formed  from 
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Flf.  J.  Improvement  In  peak  tidaloba  level  per  doubling  of  diversity 
order  W  ■  0.9). 

different  sett  of  element  positions  drawn  from  the  same  statistics 
have  nearly  Identical  main  lobes  and  fust  few  sidelobes  (depend¬ 
ing  on  the  number  of  elementa  and  the  amplitude  or  density 
taper  employed),  while  the  remaining  portions  of  the  side  radia¬ 
tion  patterns  are  decorrelated.  Radiation  patterns  obtained  at 
two  different  frequencies  from  a  single  array  also  exhibit  similar 
properties  in  the  main  lobe  and  first  few  tidelobea.  However,  the 
remainder  of  the  sidelobe  pattern  does  not  fully  decorrelate  with 
a  change  of  frequency;  insttad.  the  correlation  progressively  de¬ 
creases  with  angle  from  the  main  lobe  at  a  rate  determined  by 
the  Q  (reciprocal  fractional  bandwidth)  of  the  radiation. 

The  theory  presented  here  ia  an  asymptotic  low  Q  (Q  -»  0) 
wide-band  theory.  The  earlier  monochromatic  theory  (6) . 
(7)  may  be  considered  an  asymptotic  narrow-band  theory 
(C  ■*  ").  The  transition  region  occurs  when  Q  is  in  the  neighbor¬ 
hood  of  the  array  size  as  measured  in  units  of  wavelength.  Experi¬ 


mental  computer  simulations  validate  the  asymptotic  theories 
Neither  theory,  however,  predicts  a  peculiar  overshoot-under¬ 
shoot  characteristic  which  exists  in  the  transition  region 

Both  coherent  and  noncoherent  combining  of  the  frequency 
components  of  a  wide-band  source  can  be  used  io  achieve  fre¬ 
quency  diversity.  Coherent  combining  results  when  a  wide 
bandwidth  signal  is  radiated,  in  noncoherent  combining  the 
signal  constituents  are  separately  radiated,  each  producing  its 
own  radiation  pattern,  and  the  resulting  power  patterns  averaged. 
Frequency  hopping  is  an  example  of  noncoherent  frequency 
diversity.  Notwithstanding  the  intrinsic  difference  between  them, 
their  effects  upon  the  high  sidelobes  prove  to  be  essentially  the 
same.  The  peak-to-average  sidelobe  power-level  ratio  of  a  one- 
dimensional  random  array  is  approximately  In  n  plus  a  small 
additive  term.  The  array  parameter  n  of  i  random  array  is 
( L .  A)<  1  +  |t/0  I)  where  u0  =  sin-  '95  and  60  is  the  beamsieering 
angle  measured  from  the  normal  to  the  array  [6 J  ,  (7)  .  Z./X  is  the 
order  of  the  number  of  sidelobes  when  the  radiation  is  monochro¬ 
matic  and  the  elements  are  isotropic.  Except  for  the  first  few 
sidelobes.  the  statistics  of  the  sidelobes  are  the  same  everywhere 
in  the  pattern.  l/\  is  approximately  the  number  of  independent 
locations  in  the  side  radiation  pattern  at  which  the  peak  sidelobe 
can  occur. 

Bandwidth  reduces  the  number  of  likely  locations  of  the  peak. 
The  radiation  patterns  of  a  random  array  at  two  different  wave¬ 
lengths  X),  X}  will  have  identical  shapes  but  their  abscissa  scales 
differ  by  the  factor  X,/A2  Since  the  abscissa  Kale  of  the  radia¬ 
tion  pattern  is  linear  with  frequency,  the  radiation  patterns 
become  progressively  different  at  angles  away  from  the  main  lobe. 
If  radiation  patterns  having  time  characteristics  arc  averaged. 
*the  near  portion  would  remain  unchanged  while  in  the  distant 
sidelobe  region,  peaks  would  reduce  and  the  valleys  would  fill 
in.  The  largest  sidelobe,  therefore,  would,  after  averaging,  most 
likely  fall  in  the  near-sidelobe  region.  By  reducing  the  extern  of 
the  visible  region  in  which  the  largest  sidelobe  is  likely  to  occur, 
the  effective  array  parameter  n  is  also  reduced  Since  the  peak 
sidelobe  is  approximately  proportional  to  In  n.  the  sidelobe  level 
is  also  reduced. 

An  initial  estimate  of  the  extent  of  the  reduction  in  the  array 
parameter  is  made  by  calculating  the  number  of  lobes  of  the 
radiation  pattern  which  occur  before  the  two  patterns  have 
slipped  by  the  order  of  one-half  to  one  lobe.  Because  sidelobes 
are  nominally  spaced  by  one  beamwidth,  the  pi h  sidelobe  at  X  = 
Xj  occurs  approximately  at  angle  /xA ,/Z. .  At  the  same  angle  the 
sidelobe  number  at  X  »  X3  is  [p\\IL)l(\f/L)  =  /?X,/X 3 . 

The  angle  up  at  which  rhe  number  of  lobes  at  X,  and  X3 
differ  by,  say,  1/2  or  1  defines  the  transition  between  the  por¬ 
tions  of  the  radiation  patterns  which  are  nearly  the  same  (u  < 
up).  The  approximate  number  of  lobes  within  this  region  is 
found  by  equaling  p  +  1/2  or  p  +  1  to  pXt/X 3,  from  which 
p  *  C/2  or  Q  where  Q  is  the  reciprocal  of  the  fractional  band¬ 
width. 

The  number  p  is  the  number  of  sidelobes  left  relatively  un¬ 
changed  by  widening  the  spectral  width  of  the  radiation,  while 
the  remainder  of  the  radiation  pattern  tends  to  be  smoothed 
toward  the  average  sidelobe  level.  The  array  parameter  n  re¬ 
duces  from  approximately  I/X  to  approximately  Q  Hence,  the 
power  ratio  of  the  peak  sidelobe  to  the  average  sidelobe,  minus 
a  small  additive  constant,  becomes  approximately  In  Q  rather 
than  In  (Z./X).  In  general,  the  signal  spectrum  will  consist  of 
more  than  two  frequency  «.omponents.  Although  the  highly 
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correlated  sidelobe  region  is  not  clearly  defined  in  the  general 
cue,  we  still  expect  n  to  be  proportional  to  Q,  i.e.,  n  -  aQ 
where  a  depends  on  the  spectrum  shape  and  lies  in  the  neighbor¬ 
hood  of  unity.  Therefore  In  a  will  contribute  to  the  additive 
constant.  Computer  simulation  experiments  verify  the  linear 
relationship  between  the  peak  sidelobe  level  and  In  Q. 

VI.  COHERENT  COMBINING 

The  argument  above  generally  pertains  both  to  coherent 
and  noncoherent  combining.  The  detailed  correlations  between 
radiation  patterns  at  different  frequencies  differ  for  the  two 
cases,  and  are  now  developed. 

The  manner  in  which  the  sidelobe  radiation  patterns  decor¬ 
relate  with  frequency  can  be  calculated  from  the  cross  correlation 
fu:  :tion  of  two  patterns  at  two  different  frequencies.  The  fre¬ 
quencies  are  distinguished  in  the  equations  below  by  subscripts 
land  2: 

*ia  -£Vi Ft)  «NE{e-'^xu/e)  +  (N1-N) 

•  E{eJut*u,e}E{e~*LJ (22) 

where  /0  m  cj0/2tt  is  either  one  of  the  frequencies  and  A/  = 
Au/2*  is  the  frequency  separation.  Let  x  be  distributed  uni¬ 
formly  In  the  interval  (-L/2, 1/2) .  Then 

L 

I  r* 

■  _  f 

L  J  L 

*r 


sin  (AcjLu/Ic) 

m  ■  ■ 

AcjLuPc 


and  hence  we  get 


*12 


r  sin  (A uLu/lc) 
AcjLm/2c 


+  (.VJ  -  TV) 


sin  (cjoLu/2c) 
uiqLu/Ic 


sin  [(o>o  +  AufLu/ 2c) 
(wg  +  Aw)£u/2c 


% 


(23) 


For  a  low  density  array  N  <  L/\  and  a  high  Q(wo  ►  Aw); 
the  second  term  in  (23)  is  much  smaller  than  the  first  one  for 
value*  of  u  a  few  besmwidths  away  from  the  main  lobe.  Then 


tin  ( AuLu/2e ) 

Rl2  m N — - - ~L-L 

AcjLu/Ic 

(24) 

and  the  patterns  are  decorrelated  when 

AwZ.u/2c  ■  it 

(25) 

for  then  ■  0.  Equation  (2$)  can  be  written  in  terms  of  the 
frequency  separation  required  to  achieve  decorrelation  at  and 
beyond  a  given  value  of  u 


2*  Lu  Lu 

or  In  terms  of  the  Q  of  the  microwave  source 


(26) 


Q 


f  Lu 
A/  “  A 


(27) 


In  (27)  u  is  the  angle  beyond  which  the  sidelobe  patterns  are 
decorrelated  and  w/(l  +  |u0|),  u0  ■  beamsteering  angle,  is  the 
fraction  of  the  visible  region  in  which  the  sidelobea  are  not  de- 
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Fif.  6.  Effect  o.  bandwidth  on  tide  radiaUon  pattern.  800  wavelength 
random  array.  200  dementi. 


correlated.  Since  the  array  parameter  with  monochromatic  radia¬ 
tion  i in’*  (£/X)/(  1  +  |u0  I),  the  effective  or  reduced  array 
parameter 


u  Lu 

-  a  —  =  Q 

1+lBol  X 


(28) 


and  the  power  ratio  of  the  peak  sidelobe  to  the  average  level, 
minus  aome  small  additive  constant  becomes  approximately  In  Q. 
Thus  both  calculations  lead  to  the  same  result. 

It  is  evident  that  large  bandwidth  is  helpful  in  reducing  the 
peak  sidelobe  by  reducing  the  array  parameter.  However,  the 
payoff  it  relatively  slow  because  of  the  logarithmic  relation  be¬ 
tween  PSL  and  the  array  parameter  n.  For  example,  the  ex¬ 
pected  value  of  PSL/ASL  of  a  narrow-band  random  array  in  which 
the  aperture  size  L  ■  10*  X  Is  13.5  (calculated  from  (6)  or  (7)). 
If  the  signal  bandwidth  Is  increased  to  1  percent  of  the  carrier 
frequency  ( Q  ■  100),  the  expected  value  of  the  peak  drops  to 
6.6,  a  reduction  of  3  dB.  A  further  broadening  of  the  band¬ 
width  by  a  factor  of  1 0  reduces  PSL  only  by  another  2  dB. 

Fig.  6  shows  the  effect  of  bandwidth  upon  a  thinned,  random 
array.  The  radiation  patterns  are  of  a  200  element  linear  random 
array  800  wavelengths  long  for  three  different  signal  bandwldths. 
in  Fig.  6(a)  the  signal  Is  monochromatic  while  the  Q  in  Fig.  6(b) 
is  1 1  and  in  Fig.  6(c)  it  is  2.8.  The  ragged  sidelobe  behavior  of 
Fig.  6(a)  nearly  disappears  when  the  Q  is  lowered  to  that  of 
Ftg.  6(c).  Tne  reduction  in  the  sidelobe  envelope  is  evident  in 
the  composite  plot  shown  in  Fig.  6(d).  Although  we  are  mainly 
interested  in  the  reduction  of  the  high  sidelobes  which  occur 


G-31 


IEEE  TRANSACTIONS  ON  ANTENNAS  AND  PROPAGATION.  VOL.  AP-JI.  NO.  4.  NOVEMBER  1983 


in  th«  near  sidelobe  region,  it  is  worthwhile  to  notice  that  the 
average  level  of  the  distant  sidelobe*  has  also  reduced  appreciably. 

VII.  NONCOHERENT  COM  BININC 

The  alternative  to  coherent  utilization  of  the  entire  spectrum 
of  the  signal  is  noncoherent  frequency  diversity  combining,  which 
generally  is  a  more  practical  technique.  This  is  because  wide-bar.d 
frequency-hopping  generators  are  more  common  than  broad¬ 
band  generators  of  modulated  microwave  waveforms.  The  availa¬ 
ble  waveform  is  a  succession  of  narrow-band  signals  (such  as  RF 
pulses)  at  frequencies  ,  /j,  — ,  and  fa.  The  receiving  sys'em 
images  on  each  pulse  and  then  superimposes  the  images. 

The  frequency  separation  4f  which  results  in  independence  in 
the  sidelobe  region  may  be  calculated  from  the  cross  correlation 
function  as  was  done  above  for  the  wideband  signal  waveform. 
However,  the  cross  correlation  must  be  calculated  between  the 
power  patterns  at  the  two  frequencies  rather  than  the  complex 
radiation  patterns.  As  is  seen  below,  decorrelation  occurs  at  the 
same  frequency  separation  as  for  coherent  frequency  diversity. 

Writing  the  radiation  pattern  as  the  sum  of  two  quadrature, 
frequency-dependent  components  a(u)  +  jb{u).  the  power  pattern 


fi*.  7.  Expected  asymptotic  peak  sidelobe  behavioi  as  a  funciion  of  the 
traciiorui  signal  bandwidth  and  array  size  I A/\>. 

Let  =  F{i'fr)}  be  the  Fourier  spectrum  of  L\r).  By 

ParsevaTs  theorem  ( 33)  equals 

p(u;u0)  =  —  /SZ  I  l'(w)|Vw(r"> -r-"-'-,rn>dcu. 

-n  1  m  n 


Piu)  =  tf2(u)  +  b\u).  (29) 

The  correlation  function  between  patterns  with  different  wave¬ 

numbers  is  (dropping  (he  angular  variable) 

*12  ■£tP(*i)p(*a)}  =£{aJ(*t)«J(*a)} 

+  £V(*.  )*2(*2)}  +  £{*»(*,  )«»(*,)} 

+  E{b\kl)b\ki)}.  (30) 

Since  a  and  b  are  Gaussian,  the  fourth  moment  theorem 
£•>,*, *3jr«}  »  £{jt,Jr:}£{^3x«}  +  £{xi*j  }£{*:*«} 

+  E{xlx4)E{x1xi)-2nlUjUiU*  (311 

is  applied  and  with  assumptions  similar  to  those  made  for  the 
coherent  case,  we  get 


/  fsin  (Aui£u/2c  1 2  \ 
A, a  atV1!  l  +  - ) 

\  L  &uLu/2c  J  / 


The  constant  additive  term  is  the  square  of  the  nonzero  mean  of 
the  power  pattern  and  plays  no  part  in  the  decorrelation  of  the 
pattern  with  frequency.  The  second  term  is  the  square  of  (24). 
Hence  the  power  patterns  become  decollated  at  the  same 
frequency  separation  that  decorrelates  the  complex  radiation 
pattern,  namely  that  value  given  by  (26). 

The  equivalence  between  coherent  combining  (wideband  wave¬ 
form)  when  a  square  law  detector  is  employed  and  noncoherent 
combining  (frequency  hopping)  of  spectral  components  is  estab¬ 
lished  from  a  waveform  analysis.  Let  u(f)  be  the  waveform 
radiated  from  a  source  at  u  «■  u0 .  The  wave  received  at  the  mh 
element  is  v(t  +  f„)  where  t„  ■  x„u0/c  is  the  differential  travel 
time  from  the  source.  Let  Tn  «*  xnu/c  be  the  steering  delay  for 
the  nth  element  for  the  arbitrary  steering  direction  u.  The  array 
output  following  square  law  detection  and  integration  is 


P(u;u0)’ 


rN  N 

2  2 

*  Ml  N 


u(t  +  tm-Tm)v*{t+tn-Tn)dt. 


The  exponential  term  is  recognized  as  the  wide-band  equivalent 
of  the  monochromatic  function  exp  \jk(xn  -xmXu  -  u0 )]  ;as  in 
the  monochromatic  theory,  the  double  sum  of  that  function  is 
the  power  pattern.  Thus 

p(u,u0)=  —  J  |  f'fw)!2  |f(u  -  u0.  ui)|J  du  (35) 

in  which  |£l2  is  the  power  pattern  at  frequency  cj  when  the 
array  is  steered  to  u0. 

Now  let 

C/2 

V(uj)=V0  2  5(u>  -  w0  ~guA).  (36) 

/•-C/2 

The  radiation  consists  of  G  +  1  spectral  lines  spaced  by  u>A 
occupying  a  band  W  =  GwA .  Then 

C/2 

Piu'<  ('o) a  2  l*(u-uo.w0  +£Wa)|2  (37) 

t*-Ci 2 

F.quation  (37)  is  the  sum  of  G  +  I  power  parterns,  which  is 
exactly  the  same  output  obtained  when  the  spectral  lines  are 
radiated  sequentially.  Thus  simultaneous  transmission  (wide¬ 
band  signal)  followed  by  square  law  detection  and  integration, 
and  sequential  transmission  (frequency  hopping),  result  in  the 
same  system  output. 

Since  both  coherent  and  noncoherent  frequency  diversity 
combining  exhibit  similar  decorrelation  properties,  a  single 
test  of  the  theory  suffices.  Fig.  7  shows  the  predicted  asymptotic 
behavior  as  a  function  of  Q.  The  ordinate  is  the  power  ratio  of 
the  pcak-to-average  sidelobe  level.  The  abscissa  is  logarithmic  in 
Q.  When  Q  <  Lfk  the  curve  should  rise  linearly  with  In  Q  and 
be  independent  of  Lfk.  In  the  high  Q  region  the  curves  should  be 
Independent  of  Q  and  should  be  spaced  by  In  (£(/£;).  Note  that 
Fig.  7  is  independent  of  A'.  This  should  be  approximately  the 
case  for  5  <  ;V  <  Lfk.  The  lower  limit  is  required  for  the  appli¬ 
cability  of  the  central  limit  theorem  which  was  used  to  derive 
the  statistics  of  the  side  ladhrticn  pattern.  The  upper  limit  insures 
that  the  array  is  thinned  enough  so  that  the  stationary  part  of 
the  side  radiation  pattern  extends  to  most  of  the  u -space. 
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Fig.  8.  PSL/ASL  versus  Q  in  computer  simulation  frequency  hopping 
experiment  Each  datum  point  is  the  average  of  10  samples  (unmarked) 
or  2(M0  samples  las  indicated).  jV  •  30. 3  *  0.3 . 


The  results  of  many  frequency -hopping  simulation  experi¬ 
ments  for  L/\  *  50  and  100  are  shown  in  Fig.  8.  The  expected 
asymptotic  behavior  is  evident.  The  slope  of  the  portion  linear 
with  In  Q  in  the  low  Q  region  is  1.06,  in  close  agreement  with 
theory,  which  predicts  a  slope  approximately  equal  to  unity.  In 
the  high-G  region  the  asymptotic  spacing,  based  on  linear  least 
mean  squares  fits  to  the  data  points,  is  0.69.  which  exactly 
equals  the  predicted  spacing  of  In  (100/50).  The  central  region 
exhibits  an  overshoot-undershoot  characteristic  which  cannot 
be  predicted  from  the  asymptotic  theory. 

VIII.  CONCLUSION 

Element  position  diversity  is  shown  '.o  be  useful  in  reducing 
the  peak  sidclobe  level  of  random  arrays.  Dual  diversity  reduces 
the  peak  sidelobe  by  2  to  2.5  dB.  The  improvement  grows  with 
antenna  size.  The  asymptotic  improvement  is  3  dB,  which  is 
exactly  the  improvement  that  would  be  obtained  by  coherent 
combining  of  the  signals  received  by  both  antennas.  Thus  the 
process  is  asymptotically  efficient.  For  higher  orders  of  diversity, 
the  peak  sidelobe  approaches  the  average  sidelobe  power  level. 
Two  closely  spaced  asymptotic  estimators  have  been  derived,  one 
downward-biased  and  the  other  upward-biased.  The  two  esti¬ 
mators  bound  the  computer  simulation  results.  The  derived  ex¬ 
pressions  are  valid  whenever  the  diversity  order  M  is  greater  than 
or  equal  to  five. 

Wide-band  frequency  diversity  also  reduces  the  high  sidelobe 
level  of  the  random,  thinned  array.  The  behavior  of  the  peak 
sidelobe  level  is  found  to  be  similar  under  both  coherent  and  non¬ 
coherent  frequency  diversity.  An  important  difference  between 
them,  however,  is  that  coherent  combining  reduces  the  average 
level  of  the  distant  sidelobes  as  well.  In  monochromatic  theory, 
the  peak  sidelobe  power  level  is  found  to  be  proportional  to 
In  Lfk  plus  a  small  constant.  The  theory  developed  in  this  paper 
shows  that  the  peak  sidelobe  power  level  is  proportional  to 
In  Q  plus  another  small  constant  when  Q  <  Lfk.  (The  propor¬ 
tionality  constant  in  both  cases  is  N~ 1  where  N  is  the  number 
of  elements.  Q  is  the  reciprocal  fractional  bandwidth  and  L/X 
is  the  anay  size  in  units  of  wavelengths.)  Thus  the  peak  side¬ 
lobe  level  first  rises  logarithmically  with  Q  and  then  asymptotes 
to  a  value  determined  by  array  size  and  number  of  elements. 
The  transition  takes  place  in  the  neighborhood  of  Q  •>  L/X. 

Simulation  experiments  confirm  both  asymptotic  theories 


(Q  —  0  and  Q  -» <*>).  An  overshoot-undershoot  phenomenon  oc¬ 
curs  in  the  transition  region  unaccounted  for  by  either  theory. 


APPENDIX  1 

AN  ASYMPTOTIC  UPWARD-BIASED  ESTIMATE 


In  this  appendix,  an  asymptotic  upward-biased  estimator  is 
calculated  based  on  the  theory  of  level  crossings  of  random 
processes.  The  expected  number  of  upcrossings  of  a  certain 
level  by  the  random  process  ^(u)  is  first  calculated,  then  a  rela¬ 
tion  is  established  betweeen  this  quantity  and  the  probability 
that  the  process  will  remain  below  that  particular  level.  This 
will  lead  to  the  definition  of  our  estimator. 

As  noted  before,  except  for  a  few  beamwidths  centered 
around  the  mam  beam,  the  side  radiation  pattern  of  a  thinned 
random  array  can  be  considered  a  stationary  random  process. 
After  ,1f-foId  incoherent  averaging  of  independent  side  radiaiion 
patterns,  the  amplitude  distribution  changes  from  Rayleigh 
to  approximately  Gaussian  of  mean  A  =  \nNj2  and  variance 
of  =  .V(  I  -  nj4)iM.  In  an  interval  of  length  /.  the  expected  num¬ 
ber  of  upcrossings  of  the  level  A0  by  the  random  process  A(u)  is 
given  by  (13] 

E{UAo}  =  I  [  \A‘\p(A0.A')dA'  (38) 

'a 

where  p(A.  A')  is  the  joint  pdf  of  the  random  variables  Atit) 
and  A'  =  dA(u)/du.  Since  differentiation  is  a  linear  operation, 
A(u)  will  also  be  approximately  Gaussian;  furthermore,  since  a 
stationary  random  process  and  its  derivative  are  uncorrelated 
[14] ,  A(u)  and^'(u)»te  independent.  Thus  we  can  wnte 
p(A.A‘)=pa(A)-  pa  (A  ) 


1 


2*0,0,, 


exp 


-A)1  £2 

+  2. 


:»;■  /J 


(39) 


where  of  is  the  variance  of  the  Gaussian  random  variable  A  . 
Substituting  (39)  in  (38)  and  performing  the  integration  we 
get 

l  <V 


E[Va0)  =  —  •  —  «p 
2  n  o . 


(Aq-A)2 

2ol 


(40) 


Substituting  of  =  A'(l  -  rr/4)/Af  in  (40)  and  solving  for  A2/iV2 
we  obtain 

2  —  rr/ 2)6  (2 -*/:)*' 

+ 


,  Aq  1  f  n  x/rr(2  -  nl 

Bh(,\T)  SlA  =  -  -  + - 

”  A,J  jV|_4  vfi? 


M 


where 
b‘  =  In 


/ 


2rr(  1  —  jj) 


SI 

J 


(41) 

(42) 


and 

§±l-E[UAo).  (43) 


Since  we  are  interested  in  the  peak  of  the  process,  we  consider 
only  levels  Ao  which  are  high  with  respect  to  the  expected  value 
of  A(u).  It  is  shown  in  [15] .  [II],  and  [17]  that  for  such  high 
levels,  the  expected  number  of  local  maxima  above  A0  ap¬ 
proaches  the  expected  number  of  upcrossings  of  A0.  Also, 
[11 J  shows  that  the  expected  value  E{VAq}  of  the  number  of 
upcrossings  in  the  sidelobe  region  is  an  upper  bound  on  the 
probability  P{UAg  >  1}  of  at  least  one  uperossing  of  A0  in  the 
same  region.  In  order  to  show  this,  let  Pk  be  the  probability  of 
exactly  k  upcrossings  of  A.  Thus ,E{UA<)}  =  kPk,  and 


033 


•  V.-m  .>  , 


.*  a**  a  V  i*«  i 


i  vnW.\  v, 


k  ■-  *, 


930 


IEEE  TRANSACTIONS  ON  ANTENNAS  AND  PROPAGATION.  VOL.  AP-31 ,  NO,  6,  NOVEMBER  1913 


P{UA(I  >  1}  =  Zr„  Pk.  Therefore.  P[UAq  >  1}  <  £{UAq) 
and  E{UAo }  is  an  upperbound  on  P{UA()  >  1}.  We  expect 
that  this  bound  becomes  tight  for  small  values  of  £{UAo)  be- 
cau>e.  in  this  case,  the  probability  of  obtaining  more  than  one 
upcrossing  in  the  sidelobe  region  is  negligible  compared  to  the 
probability  of  obtaining  aero  or  one  upcrossing  (11).  Also,  it 
is  dear  that  0  >  P{UA()  =  0}.  which  is  the  probability  that  the 
process  will  remain  below  the  level  Aq,  and  we  expect  the  two 
sides  of  the  inequality  to  become  very  close  to  each  other  for 
values  of  0  close  to  unity. 

From  (41)  and  (42).  we  see  that  Bn  is  a  monotonically  in¬ 
creasing  function  of  0.  Thus,  if  we  define  0'  =»  P{ UA  0  =  0}  then 
the  corresponding  normalized  level  B'H  will  satisfy  B'H  <  B n 
since  0'  K  0.  Thus. Bn  is  always  an  upward  biased  estimate  of 

Next  we  turn  to  the  problem  of  calculating  the  ratio  oa/oa 
in  (42).  The  variance  of  A\u)  is  o]  =  -fl”(0)  where  R'J(u)  = 
d* R„(u)ldu*  is  the  second  derivative  of  the  autocorrelation 
function  of  A(u)  (16).  Also,  since  differentiation  is  a  linear 
operation,  it  is  clear  that  where  K1  is  a  constant  of 

proportionality.  Since  a  closed  form  expression  for  R6(u)  in  the 
case  of  incoherent  averaging  is  not  available,  simulation  experi¬ 
ments  were  conducted  to  determine  the  constant  K  for  an  as¬ 
sumed  unifonn  distribution  of  element  positions.  A  value  of  K  = 
2.7?  L/\  was  found  (see  Appendix  II).  Since  A(u)  is  the  average 
of  .'</  amplitude  patterns,  each  of  which  is  symmetric  around  u  = 
0.  then  A(u)  is  also  symmetric  and  it  is  sufficient  to  consider  the 
range  u  e  [0.  I).  As  noted  before,  for  a  thinned  array,  the  sta¬ 
tionary  part  of  the  side  radiation  pattern  starts  a  few  beamwidths 
from  the  origin.;  thus  /  in  (42)  can  be  written  as  l  =  1  -  atyl 
where  a  is  a  number  the  order  of  three.  .Also  for  most  practical 
applications  \/L  <  1 .  and  we  can  take  /  a  1 . 

Equation  (41)  is  the  main  result  of  this  appendix.  For  a  given 
confidence  level  0.  it  gives  an  upward-biased  estimate  of  the 
power  ratio  of  the  peak  sidelobe  to  the  main  lobe  as  a  function 
of  divers.ty  order  M. 

APPENDIX  II 

EVALUATING  THE  CONSTANT  K 

The  ratio  K  »•  a„-/a,  in  (40)  was  found  through  computer 
simulation  experiments.  Use  has  been  made  of  the  relation 
a\  «=  -/?"(0).  For  the  M-( old  averaged  process  A(u )  =» 
1  IMZ‘11 ,  A^u),  the  autocorrelation  function  is 

*  E{A(u,)A(ut)} 


where  A(-)  is  the  expected  value  of  any  of  the  M  independent 
magnitude  patterns.  We  assume  u(,  u3  >  \/L  and  Z./X  >  1,  im¬ 
plying  that  the  processes  are  stationary  and  R(ut,  u2)  =  R(u ) 
where  u  ■  u,  -  u j.  Also  A(W|)  =  A(Uj)  *•  v/mV/2  =  constant. 
Thus  we  get 

K'(u)"-~R"(u) 

M 

and 


but  since 


we  obtain 


oi  R"{  0) 


(45) 

(46) 


Thus  the  ratio  oa-/oa  is  not  a  function  of  M.  Also,  it  is  easy  to  see 
that  this  ratio  does  not  depend  on  .V.  Equation  (46)  is  the  basis 
for  the  simulation  experiments.  Fixing  L/ A,  the  w-space  auto¬ 
correlation  function  was  calculated  for  several  20  element  arrays; 
attention  was  focused  on  the  region  around  the  origin.  The  out¬ 
comes  of  10  experiments  were  averaged  and  the  resulting  auto¬ 
correlation  function  was  used  to  calculate  K  =  Ju'/aa  through 
(46),  where  a  sixth-order  polynomial  was  used  to  fit  the  data 
and  approximate  R{u).  The  above  was  repeated  for  eight  dif¬ 
ferent  values  of  L  \.  A  regression  procedure  yielded  the  value 
A  =  2.77  Li\. 
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